Nuclear Energy

Research Initiative
2006 Annual Report

ML S




Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor any of its employees make any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe upon privately owned rights. Reference
herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendations, or favoring by the United States
Government. The views and opinions expressed by the authors herein do not necessarily state or reflect those of the
United States Government, and shall not be used for advertising or product endorsement purposes.

This report has been reproduced from the best copy available.

Available to DOE, DOE contractors, and the public from the
U.S. Department of Energy
Office of Nuclear Energy
1000 Independence Avenue, S.W.
Washington, D.C. 20585



NERI — 2006 Annual Report

Foreword

The Nuclear Energy Research Initiative (NERI) is at the core of a Federal effort to develop advanced
nuclear energy concepts and technologies. This program supports the National Energy Policy by
conducting research that addresses the long-term barriers to both maintaining and expanding nuclear
generation of electricity in this country. Currently funded NERI projects are closely linked to the principal
research programs sponsored by the Department of Energy’s Office of Nuclear Energy (DOE-NE): the
Generation IV Nuclear Energy Systems Initiative, the Advanced Fuel Cycle Research and Development
program, and the Nuclear Hydrogen Initiative. With its focus on applied nuclear energy research, NERI
has been realizing its goals of both developing advanced nuclear energy systems and providing state-of-
the-art research concerning nuclear science and technology.

Since its inception in 1999, NERI has helped to maintain and improve the nuclear research
infrastructure in this country by encouraging, preserving, and advancing nuclear science and technology
research and development. To further this mission, NE decided to refocus NERI in 2004 to exclusively
fund research led solely by the nation’s universities, with national laboratories and industry partners
providing valuable contributions as collaborators. Strong university involvement is particularly important
to promote and maintain a robust nuclear science and engineering infrastructure to meet future technical
challenges. This revised focus enables educational institutions across the country to remain at the
forefront of nuclear science research. In addition, it renews student interest in pursuing degrees in
nuclear engineering and related sciences and further integrates the nation’s universities with the research
efforts and initiatives at DOE.

The Nuclear Energy Research Initiative 2006 Annual Report summarizes the progress of the 35
research projects initiated in FY 2005, the 25 projects initiated in FY 2006, and the objectives and work
scope of the 22 newly awarded FY 2007 research projects. The final summaries of projects initiated in
FY 1999 through FY 2002 can be found in the previous NERI Annual Reports. This report disseminates
the results of NERI-sponsored research to the wide R&D community to spur yet more innovation,
assuring a bright future for nuclear energy in the United States and the world.

A R g

Dennis R. Spurgeon, Assistant Secretary
for Nuclear Energy
U.S. Department of Energy
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NUCLEAR ENERGY-RESEARCH INITIATIVE

I. Overview

The Nuclear Energy Research Initiative

The United States Department of Energy (DOE) created
the Nuclear Energy Research Initiative (NERTI) in fiscal
year (FY) 1999 in response to recommendations provided
by the President’s Committee of Advisors on Science and
Technology. The importance of nuclear power to the
Nation’s future energy supply requires that DOE apply
its unique resources, specialized expertise, and national
leadership to address all of the potential barriers to
maintaining and expanding its use.

NERI is a national, research-oriented initiative managed
and funded by DOE's Office of Nuclear Energy (NE). The
purpose is to sponsor research and development (R&D)
that addresses the principal barriers related to the growth
of nuclear energy in the United States. The initiative has
helped DOE foster innovative ideas in NE's primary research
programs: advanced nuclear energy systems, hydrogen
production from nuclear power, and advanced nuclear fuels
and fuel cycles. In addition to responding to the Nation’s
need for current nuclear energy research to advance the
development of nuclear energy technology, NERI is helping
preserve the Nation’s nuclear science and engineering
infrastructure—enabling the United States to maintain a
competitive position in the nuclear energy arena at home
and abroad.

To achieve the Nation’s long-range goal of establishing
nuclear energy as a viable and expandable option, NERI
has the following objectives:

e To address and help overcome the potential technical
and scientific obstacles to the long-term, future growth
of nuclear energy in the United States, including those
involving non-proliferation, economics, and nuclear
waste disposition.

e To advance the state of U.S. nuclear technology so that
it can maintain a competitive position in overseas and
domestic markets.

e To promote and maintain a nuclear science and
engineering infrastructure to meet present and future
technical challenges.

NERI 2006 Annual Report

This Nuclear Energy Research Initiative 2006 Annual
Report serves to inform interested parties of progress
made in NERI on a programmatic level as well as research
progress made on individual NERI projects. Following is an
overview of each section:

e Section 2 provides background on the creation and
implementation of NERI, its corresponding international
I-NERI component, and the evolving research focus.

e Section 3 presents the scope of the three NE R&D
programs supported by NERI.

e Section 4 highlights program funding and participants
in NERI research projects.

e Section 5 provides a discussion on the impact NERI has
had on U.S. university nuclear programs.

e Section 6 presents progress reports for each of the 60
ongoing FY 2005-2006 projects and abstracts for the
22 projects newly awarded in FY 2007.

Projects are organized by their primary research
area: Generation IV Nuclear Energy Systems Initiative
(Generation 1V), Advanced Fuel Cycle Research and
Development (AFCR&D), and Nuclear Hydrogen Initiative
(NHI). Numbering is designated by the fiscal year in which
the award was made. At the end of this document, there is
a complete index of NERI projects.
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2. Program History

NERI Development

In January 1997, the President tasked his Committee
of Advisors on Science and Technology (PCAST) to
review the current national energy R&D portfolio and to
provide a strategy to ensure that the United States has a
program to address the nation’s energy and environmental
needs for the next century. In its report responding to
this request the PCAST panel on Energy Research and
Development determined that ensuring a viable nuclear
energy option was essential to help meet U.S. future
energy needs. Specifically, the panel recommended that
DOE implement an R&D effort to address the principal
obstacles to achieving a viable nuclear energy option,
targeting such areas as nuclear waste, proliferation, safety,
and economics. DOE was to fund research through this
new initiative based on a competitive selection of proposals
submitted by national laboratories, universities, and
industry.

In response to these recommendations, DOE established
NERI in 1999 and the program received Congressional
appropriations to begin sponsoring innovative scientific
and engineering R&D that address the key issues affecting
the future use of nuclear energy and preserve the nation’s
nuclear science and technology leadership. Currently,
NERI employs a unique process for selecting new
projects. DOE-NE issues an annual solicitation requesting
applications from eligible participants on a noted scope
of work. Principal investigators (PIs) select research
topics of interest and define the scope and extent of
the R&D in their application responses. An independent
peer review panel evaluates the scientific and technical
merit of the R&D proposals. Subsequently, a relevance
review is conducted by the program'’s National Technical
Directors, Systems Integration Managers, and Technical
Directors. DOE program managers then review those
proposals judged to have the highest merit and relevance
to ensure their conformance with policy and programmatic
requirements and recommend project awards to DOE's
Source Selection Official.

Additional information on the NERI program, including
previous annual reports, is available at the NERI website:
http://nuclear.energy.gov/neri/neNERIresearch.html.

International Cooperation (I-NERI)

Recognizing the need for an international component,
PCAST issued a report in 1999 entitled Powerful
Partnerships: The Federal Role in International Cooperation
on Energy Innovation to promote “bilateral and multilateral
research focused on advanced technologies for improving
the cost, safety, waste management, and proliferation-
resistance of nuclear fission energy systems.” In response,
DOE launched the new International Nuclear Energy
Research Initiative (I-NERI) for bilateral and multilateral
nuclear energy research. Since FY 2001, I-NERI funding
has supported 66 bilateral, cost-shared research projects
with the Republic of Korea, France, the European
Union, Brazil, Canada, Japan, and the Organization for
Economic Cooperation and Development (OECD). Similar
international agreements are being considered with the
Republic of South Africa with the intent of establishing
additional collaborations in the future.

I-NERI allows DOE to leverage Federal investment and
international resources through cost-sharing arrangements
with each participating country on a wide range of nuclear
technology topics. This initiative enhances the participation
of the United States and DOE in international policy
discussions on the future direction of nuclear energy.
Further information can be found on the NE website at
http://www.nuclear.gov, including separate annual reports
for research conducted under the I-NERI program during
the previous fiscal years.

NERI Focus

In order to determine the initial focus of the NERI
research areas, DOE convened a workshop of nuclear
community stakeholders in April 1998, representing
national laboratories, universities, and industry. As a result,
DOE established five specific scientific and engineering R&D
areas:

1) Proliferation-resistant reactors and fuel technology

2) New reactor designs to achieve improved
performance, higher efficiency, and reduced cost

3) Advanced nuclear fuels
4) New technologies for managing nuclear waste

5) Fundamental nuclear science



Since the initiation of NERI, several Federal directives
have influenced NERI research activities. A synopsis of
each of these directives is provided below.

The Long-Term Nuclear Technology Research
and Development Plan. In 1998, DOE established the
independent Nuclear Energy Research Advisory Committee
(NERAC). This committee provides advice to the Secretary
and to the Assistant Secretary for Nuclear Energy on DOE's
civilian nuclear technology program. In June 2000, NERAC
issued the Long-Term Nuclear Technology Research and
Development Plan. This plan identifies the research and
technology development that is necessary over the next
10-20 years to help ensure the long-term viability of nuclear
energy as an electricity generation option in the United
States. NERAC also established a task force to identify
R&D needs related to non-proliferation issues associated
with nuclear power production. Their recommendations
for appropriate research in this area were provided to DOE
in a January 2001 report titled, Technical Opportunities
to Increase the Proliferation Resistance of Global Civilian
Nuclear Power Systems (TOPS).

The National Energy Policy. Issued in May 2001 by
the Vice President’s National Energy Policy Development
Group, the National Energy Policy supports the expansion
of nuclear energy as one of its major initiatives for
meeting the growing energy requirements of the United
States. The National Energy Policy provides the core
element in the planning for DOE’s nuclear energy research
programs, addressing, among other areas, the research
and development of advanced reactor and fuel cycle
concepts, hydrogen production from nuclear energy, and
the associated enabling sciences and technologies.

The Technology Roadmap for Generation IV
Nuclear Energy Systems. In September 2002, NERAC
issued the Draft Technology Roadmap for Generation IV
Nuclear Energy Systems. In coordination with the eleven-
country-member Generation IV International Forum,
six reactor system concepts were selected for further
development 1) the Very High-Temperature Reactor, 2) the
Gas-Cooled Fast Reactor, 3) the Supercritical Water-Cooled
Reactor, 4) the Lead-Cooled Fast Reactor, 5) the Sodium-
Cooled Fast Reactor, and 6) the Molten Salt Reactor.
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Energy Policy Act of 2005 (EPACT). On signing
EPACT 2005 into law August 8, 2005, President George
W. Bush reiterated the importance of nuclear energy as
a clean, safe component of our nation’s energy supply.
“With the practical steps in this bill, America is moving
closer to a vital national goal. We will start building nuclear
power plants again by the end of this decade.” The law
directly addresses DOE-NE’s core R&D programs, including
NERI and its constituent parts: Generation IV, AFCR&D,
and NHI. EPACT 2005 allows the Secretary of Energy to
conduct a set of nuclear energy programs that increase
the efficiency of nuclear energy-intensive sectors via
improved technologies, promote diversity of the energy
supply, decrease the Nation’s dependence on foreign
energy sources, improve energy security, and decrease the
environmental impact of energy-related activities. It also
authorizes $1.25 billion for fiscal years 2006 through 2015
to fund a prototype Next Generation Nuclear Plant (NGNP)
to produce both electricity and hydrogen.

Advanced Energy Initiative. In February 2006, the
President rolled out his Advanced Energy Initiative, which
aims to improve the country’s economic and national
security by reducing dependence on foreign sources of
energy. This initiative provides a 22-percent increase
in funding for clean-energy technology research at DOE
to change how Americans fuel their vehicles and power
their homes and businesses. Generating electricity
and hydrogen fuel from safe, advanced nuclear power
is an important component. The initiative also calls
for the development of a new Global Nuclear Energy
Partnership (GNEP) to address spent nuclear fuel; eliminate
proliferation risks; and expand the promise of clean,
reliable, and affordable nuclear energy on an international
scale. Under GNEP, nations with advanced civilian nuclear
energy programs will develop technology to recycle nuclear
fuel and supply small, secure reactors and fuel services
to other countries in exchange for non-proliferation
guarantees. The National Security Strategy of the United
States of America, which the President issued in March
2006, further reinforces the importance of GNEP in meeting
global energy demand while keeping nuclear weapons
materials out of the hands of rogue states and terrorists.
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With new federal directives, NERI's focus continues to
evolve. Initially, projects provided a supportive role to
government nuclear energy-related R&D programs. In
2004, the focus of NERI research changed to specifically
fund applied R&D that supports NE's principal research
initiatives: Generation IV, AFCR&D, and NHI. In addition,
only U.S. universities are allowed to serve as the principal
investigators for new projects. National laboratories and
private companies can still participate as collaborating
organizations. This new focus directly supports NERI's goal
to preserve, improve, and advance the nation’s nuclear
science and engineering infrastructure and will further
assist these nuclear energy initiatives in accomplishing their
goals and objectives.

The scope of the FY 2006 NERI solicitation, for awards
announced in early 2007, focused on current Federal R&D
priorities as outlined in EPACT 2005 and the Advanced
Energy Initiative. For example, the U.S. priority for reactor
development work under the Generation IV initiative
focuses on the Very High-Temperature Reactor (VHTR) for
use as the NGNP and the Sodium Fast Reactor (SFR) as the
GNEP advanced burner design.
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3. NERI Research Areas

Projects undertaken since 2004 are aligned with
NERI's new focus to conduct applied nuclear energy
research related to the three primary NE R&D programs:
Generation IV, AFCR&D, and NHI. These three initiatives
are contributing to the revitalization of nuclear technology
in our nation by developing efficient technologies for
future electrical power production, hydrogen production,
and other energy conversion systems. Following are
descriptions of the three initiatives under which awards
have been made.

Generation IV Nuclear Energy Systems Initiative

Generation IV nuclear energy systems are being
developed to achieve high burnup using transmutation and
recycled fuel, allowing for efficient use of domestic uranium
resources and minimizing radioactive waste. Advances in
safety and physical protection will guard against possible
acts of terror or the diversion of nuclear materials, helping
to ensure public confidence in nuclear technology. The
program is focused on developing six new reactor systems
to be deployed during the next 20 years:

1) Very High-Temperature Reactor (VHTR)

2) Sodium-Cooled Fast Reactors (SFR)

3) Supercritical-Water-Cooled Reactor (SCWR)
4) Lead-Cooled Fast Reactor (LFR)

5) Gas-Cooled Fast Reactor (GFR)

6) Molten Salt Reactor (MSR)

The U.S. is not actively pursuing all of these reactor
designs at the present time. Current U.S. efforts are
focused on developing the SFR and VHTR technologies,
in conjunction with other foreign collaborators under the
Generation IV International Forum (GIF).

In addition to the development of these six reactor
systems, Generation IV includes three cross-cutting
programmatic areas of research. These activities are
germane to two or more reactor concepts:

1) Design and evaluation methods
2) Crosscutting materials for advanced reactors

3) Energy conversion

The Very High-Temperature Reactor (VHTR)
concept is being pursued in the United States under the
NGNP program. The major aim of NGNP projects is to
build and demonstrate advanced high-temperature reactor
technology to economically produce both hydrogen and
electricity. The VHTR is believed to be the most suitable
candidate. The first phase of project development may
lead to the design, construction, and operation of a
demonstration facility consisting of an advanced nuclear
reactor coupled with a hydrogen production plant. New
research projects focus on validating reactor physics and
core design analysis tools, developing and validating
reactor thermal-hydraulic and mechanical design analysis
tools, performing materials research and power-conversion
unit assessments, and conducting safety and risk analyses.
The scope of these projects includes project design, system
design and analysis methodology, and fuel development
and qualification.

Sodium-Cooled Fast Reactor (SFR). The sodium-
cooled fast reactor is the leading candidate design for
the advanced burner reactor being developed under
GNEP. The SFR system features a liquid metal fast-
spectrum reactor that can operate on recycled spent fuel
to help manage high-level radioactive wastes, particularly
plutonium and other actinides. With innovations to reduce
capital cost, the mission can extend to economic electricity
production. The SFR can also lead to sustainable energy
production, given the proven capability of sodium reactors
to utilize almost all of the energy in natural uranium.
Activities under this research area focus on comparative
studies of various SFR designs, helping to reestablish the
U.S. knowledge base, and transmutation of spent fuel
from light water reactors. Other topics include selection
and testing of materials and conceptual design studies of
supercritical carbon dioxide secondary plant systems.

Supercritical Water-Cooled Reactor (SWCR). The
objective of this research is to demonstrate the technical
feasibility of a light water reactor design operating
with supercritical water coolant, i.e., water above the
thermodynamic critical pressure and temperature point.
The focus of this research includes three main areas: 1) the
evaluation of dynamic power/flow instabilities, 2) corrosion
and stress-corrosion cracking testing of materials for the
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core and vessel internals, and 3) the investigation of basic
thermal and heat transfer phenomena for the reactor. The
U.S. is not currently pursuing this technology. In FY 2007,
domestic SCWR activities will focus on monitoring
international R&D efforts and participating in related
international forums.

Lead-Cooled Fast Reactor (LFR). The objective of
this research is to produce a small, proliferation-resistant
nuclear energy system for deployment in remote locations
and in developing countries. The LFR system has a closed
fuel cycle and uses a fast-spectrum lead or lead-bismuth
liquid metal coolant. This design allows for efficient
conversion of uranium and management of actinides. R&D
efforts will define and select the reference system, prepare
a defensible safety case, and license a demonstration
reactor system. However, the U.S. is not currently pursuing
this technology. In FY 2007, U.S. LFR activities will focus
on monitoring international R&D efforts and participating in
related international forums.

Gas-Cooled Fast Reactor (GFR). The objective of
this research is to develop a safe and sustainable helium-
cooled fast reactor that has a closed fuel cycle, is highly
efficient, and is capable of producing both electrical power
and hydrogen. Preliminary design concepts use a direct-
cycle Brayton Cycle secondary power conversion system.
The fast spectrum and full recycle of actinides minimize the
production of radioactive waste. Research for this reactor
concept includes defining design features (fuel, coolant,
and unit power), designing safety systems for decay heat
removal, identifying/testing fuel and core materials capable
of high-temperature operation including developing fuels
with high fission product confinement and reasonable
burnup and fluence, and developing fabrication techniques.
NERI project researchers previously identified possible
passive/semi-passive safety systems, conducted materials
testing with carbon dioxide (CO,) and identified candidate
high-temperature fuels. The U.S. is not currently pursuing
this technology. In FY 2007, GFR activities will focus on
monitoring international R&D efforts and participating in
related international forums.

Molten Salt Reactor. Molten salt reactors (MSR)
can be used for the production of electricity, hydrogen, or
fissile fuels, as well as actinide burning. In this design, the
nuclear fuel is dissolved directly in a molten fluoride salt
coolant which circulates throughout the primary system.
Energy is transferred to a clean molten salt intermediate
heat transport loop, then a high-temperature Brayton
cycle power conversion system. As the NGNP uses similar

liquid salt technology in the hydrogen production loop,
many areas of research are shared, such as Brayton power
cycles, compact heat exchangers, and carbon composite
materials. Therefore, the U.S. is not pursuing this
technology as a separate area of research.

Design and Evaluation Methods. Analytical
methods, modeling techniques, computer codes, and
databases must be developed for Generation IV plants. In
addition, research needs to be performed to evaluate the
economic feasibility of these new plants and to ensure
the proliferation resistance and physical protection to the
public. Major activities under this research area include
1) improving and validating NGNP analytical capabilities,
2) defining fast reactor modeling requirements for the
GFR and LFR designs, and 3) improving Generation
IV evaluation methodologies and selecting preferred
options. Other activities include identifying phenomena
and parameters to be included in thermal/hydraulic and
safety analysis codes, and improving Monte Carlo and
deterministic methods for neutronic, fuel depletion, and
material damage analyses.

Materials. Projects in the materials area include the
selection, development, and qualification of structural
materials and other components necessary to design and
construct the various types of advanced reactors. Material
requirements for the NGNP, GFR, SCWR, and LFR reactor
systems, as well as for their energy conversion systems,
are addressed under this research area. Specific cross-
cutting activities applicable to all designs will be performed
including: 1) designing a test facility, then initiating low-flux
and high-flux, high-temperature irradiations; 2) establishing
a database of candidate materials for high temperature
and radiation service, then performing studies to identify
mechanical properties; 3) preparing documents for
alloys 316FR and 617 to gain ASME code certification;

4) performing microstructural analysis and modeling for
materials of interest; and 5) developing a high-temperature
design methodology for materials/applications of interest.

Energy Conversion. Projects in this area will focus
on research for both the supercritical carbon dioxide and
the high-temperature helium Brayton cycles. Objectives
associated with the supercritical carbon dioxide Brayton
cycle include 1) completing system design and economic
assessment, 2) performing experiments to validate key
features, and 3) conducting research on engineering
seals, materials, heat exchangers, and ducting. A planned
demonstration experiment and simulation model will
also help determine plant characteristics, performance,



and the supercritical cycle dynamic response. For the
high-temperature helium Brayton cycle, project goals
include engineering analyses, designing heat exchangers
and turbo-machinery, and constructing a small-scale
demonstration experiment.

Advanced Fuel Cycle R&D (AFCR&D)

The AFCR&D program focuses on developing advanced
fuels, spent fuel treatment techniques, and transmutation
technologies to facilitate the transition towards a
sustainable advanced nuclear fuel cycle. Beginning in
FY 2007, AFCR&D will focus near-term activities to support
the most promising technologies developed to date. The
chief goals of AFCR&D are to reduce the amount of high-
level radioactive waste requiring geologic disposal, to
reduce accumulated plutonium from PUREX processing of
commercial spent fuel, and to extract more useful energy
from material that normally would be disposed of as
waste. The program will develop fuel systems and create
enabling fuel technologies such as fuel, cladding, waste
forms, separations, and disposal technology to decrease
spent fuel volume; separate long-lived, highly radiotoxic
elements; and recover valuable energy from spent fuel.
The technologies will support both existing and forthcoming
nuclear energy systems.

Spent fuel treatment and recycling are critical to support
the expansion of proliferation-resistant nuclear power.
This multifaceted program involves recycling spent fuel,
fabricating fuel assemblies containing the removed long-
lived actinides and transuranics, burning the assemblies in
a fast reactor, and developing more benign waste disposal
technologies for the remaining radioisotopes and process
wastes. Resulting technologies from this work will satisfy
requirements for a controlled, proliferation-resistant nuclear
materials management system. Planned NERI research
efforts related to this program will focus on the following
technologies:

e Separations

e Fuels

e Transmutation science and engineering
e Systems analysis

e Demonstration facilities

Separations. Research in this area includes the
development of aqueous and pyrochemical separations
technologies, advancement of spent fuel treatment processes,
improvement of waste storage forms, treatment of spent fuel
from the experimental breeder reactor (EBR-II) in preparation
for disposal, and conceptual planning of future spent fuel
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treatment plants and advanced processing technologies. The
current focus is on improving separations processes for
LWR spent fuel reprocessing, fabricating waste/storage
forms suitable for storage in a repository; demonstrating
transuranic (TRU) extraction processes; accelerating

the EBR-II blanket treatment with advanced processing
technology; demonstrating advanced LWR spent fuel
processing techniques; demonstrating americium/curium
separations processes; and developing storage/disposal
forms for uranium, plutonium-neptunium, americium-
curium, and cesium-strontium.

Fuels. This research area is developing advanced
fuels for LWRs, Generation IV reactors, and dedicated
transmuter facilities. Researchers will model, fabricate,
characterize, and test fuels of various compositions.
Associated safety analyses, development of remote fuel
fabrication techniques and advanced clad materials are
included in the scope. Current NERI research projects
focus on irradiation and post-irradiation examination (PIE)
of fuels for the Advanced Burner Reactor (ABR).

Transmutation Science and Engineering. This
research area is studying the use of the transmutation
process to convert long-lived radioactive isotopes into
short-lived isotopes via neutron capture or fission.
Research supports accelerator-driven systems, transmuter
materials and coolants, and transmutation physics. The
primary purpose is to develop an engineering basis for
the transmutation of plutonium and minor actinides.
Current activities focus on 1) continued measurements and
evaluations of higher actinides to reduce transmutation
uncertainty, 2) new irradiations at the PHENIX reactor in
France, 3) examination of irradiated materials from the
Fast Flux Test Facility (FFTF) and the European PSI facility,
4) development of an intense fast neutron source for
materials testing, and 5) development of alloys and surface
treatment to increase the corrosion resistance of lead-
bismuth eutectic (LBE).

Systems Analysis. This area includes broad-based
systems studies and analyses, such as: 1) transmutation
systems and integrated model development; 2) fuel cycle
proliferation resistance; 3) economic analyses; and 4)
material transportation, storage and disposal analyses.
The objectives of research projects under this area
are to analyze fuel cycle infrastructure needs, supply
recommendations on fuel types and reactor systems from
the perspective of the overall fuel cycle, and perform
analyses to assist DOE in determining the need for a
second spent fuel repository.
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Demonstration Facilities. An Advanced Fuel Cycle
Facility will be designed and constructed to provide
enhanced separations and fuels research under the GNEP
program. Powerful new simulation and modeling tools will
predict reactor and fuel behavior in order to reduce the
need for lengthy irradiation experiments. The initial focus
of such tests is the treatment of spent nuclear fuel from
existing light water reactors. Later, both aqueous and
pyroprocessing of fast reactor spent fuel will be studied.
Lastly, a sodium-cooled Advanced Burner Reactor will serve
as the focal point for transmutation development. SFR
technology will demonstrate the transmutation of both
spent light water reactor fuel and fast reactor recycle fuel.
Further R&D into advanced aqueous and pyroprocessing
technologies, waste and storage forms, and metal and
oxide transmutation fuels will continue.

Nuclear Hydrogen Initiative (NHI)

The mission of the NHI is to develop hydrogen
production technologies that are fueled by nuclear energy.
The goal is to demonstrate hydrogen production that is
compatible with nuclear energy systems through scaled
experiments, and then to couple an engineering-scale
demonstration plant with a Generation IV demonstration
facility by 2021. NERI research that is planned under
this initiative includes projects that are associated with
thermochemical cycles, high-temperature electrolysis, and
reactor-hydrogen production process interface.

Thermochemical Cycles. The focus of this research
area is to develop thermochemical cycles for hydrogen
production that are suitable for nuclear application,
such as sulfur-based cycles and alternative cycles.
Researchers will provide flowsheet methodology for
analyzing and comparing the thermochemical cycles,
and high-temperature interface requirements for the
heat exchangers and materials. These processes offer
the potential for high-efficiency hydrogen production
in commercial quantities, once technical issues are
resolved. Cycles are selected for development based on
a comparison of thermochemical cycles using a consistent
analysis methodology. Research planned for the upcoming
years will consist of laboratory-scale demonstrations of
candidate processes for alternative thermochemical process
assessment; and enhancement of membranes to increase
process efficiency. Projects will include materials testing,
control system design, and cost evaluations.

High-Temperature Electrolysis (HTE). High-
temperature electrolysis uses electricity to produce
hydrogen from steam. This technology has the potential
for higher efficiencies than commercial processes currently
available. This research area seeks to reduce the cost
of manufacturing electrolytic cells and components and
increase the useful lifetime of these components, thereby
producing hydrogen at the lowest possible cost. Research
activities include cell and stack experiments, modeling of
plant and cell dynamics, and design of plants beginning
with a laboratory unit and later scaling up to include a
pilot-scale experiment followed by demonstration and
construction of commercial units. Materials analysis
for cells, heat exchangers, and separations will also be
performed under this research area. Projects under this
research area will be aimed at completing HTE cell and
stack/module testing, completing the design and then
assembling components for the integrated laboratory test
unit in 2007, completing the design and fabrication of a
pilot-scale experiment by 2013, and conducting tests for
high-temperature heat exchangers and separations.

Reactor-Hydrogen Production Process Interface.
The purpose of this research is to develop and optimize
high-temperature heat exchanger (HX) designs (optimizing
HX type, operating conditions, efficiency, and material
qualification), implications of the intermediate heat transfer
loop on reactor operation (e.g., corrosion, isolation,
connection), and design of support systems. Program efforts
over the next three years will explore laboratory-scale HX
development for a variety of high-temperature hydrogen
production processes, including design; short and long-term
materials testing; fabrication; and system support, which
includes assessment of the process, infrastructure, and
facilities requirements for the pilot plant and the balance-of-
plant (BOP) design.

All three initiatives clearly support R&D efforts necessary
to position nuclear energy as a viable fuel source that will
help the United States sustain its growing energy needs.
The selection of new NERI research projects is based
on their relevance to these specific initiatives, and their
achievements will play an integral role in the success of the
overall NE mission.

The graphic summarizes key features of NERI. The
following chapter explains the work scope associated with
these NERI research areas in more detail and presents
progress reports for the FY 2005 and 2006 projects, along
with brief abstracts of the FY 2007 projects that were
recently awarded.
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VISION

To maintain a viable nuclear
energy option to help meet the
Nation’s future energy needs

GOALS/OBJECTIVES

o Address potential technical and scientific obstacles
¢ Advance the state of U.S. nuclear technology
e Promote and maintain a nuclear infrastructure

SCOPE OF PROGRAM

e Advanced Nuclear Energy Systems e Advanced Nuclear Fuels/Fuel Cycles

¢ Hydrogen Production from Nuclear Power

R&D PRIORITIES

Advanced reactors, systems, and components ) Advanced fuels )
Alternative energy conversion cycles ) Transmutation science and engineering )
Design and evaluation methods ) Fuel cycle systems analysis )
Advanced structural materials ) Thermochemical cycles )
Spent nuclear fuel separations technologies ) High-temperature electrolysis )
Reactor-hydrogen production process interface )
IMPLEMENTATION STRATEGY
o Competitive peer-reviewed R&D selection process e Individually managed projects
e Collaborative research efforts ¢ Continuous DOE oversight
RESULTS

U.S. nuclear leadership ) Innovative technologies )
Nuclear infrastructure development ) Advances in nuclear engineering )
Nuclear public awareness ) Worldwide partnerships )
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4. NERI Accomplishments

This section discusses the program'’s progress in
attracting research proposals, awarding annual R&D
funding, and successfully completing NERI-funded research
projects.

Project Awards

In FY 1999, DOE's NERI received 308 R&D proposals
from U.S. universities, national laboratories, and industry
in response to its first solicitation. The initial FY 1999
procurement was completed with the award and issue
of grants and laboratory work authorizations for 46 R&D
projects. The research represented participants from
45 organizations, including 11 foreign R&D organizations.
The total cost of these 46 research projects for the three-
year period was approximately $52 million.

Similar progress was made in FY 2000—-2002, with
an additional 47 NERI projects awarded. The total cost
of these 47 research projects for the three-year period
was approximately $58 million, shared among 20 U.S.
universities, 10 national laboratories, 18 private businesses,
and 7 foreign R&D organizations. No new NERI projects
were awarded in FY 2003 or 2004.

In FY 2005, 35 projects were initiated under the newly
revised program focus, and an additional 25 projects in
FY 2006. The total investment in these projects over
their three-year term is $32.1 million, distributed among
37 U.S. universities, 7 national laboratories, and 4
corporations. In addition, one university, one laboratory,
and three corporations are participating, but do not receive
federal funding. Two international educational institutions
participate, but are funded by their own countries.

DOE awarded 22 projects in FY 2007, involving 22 U.S.
universities, five national laboratories, two U.S. businesses,
and one international laboratory collaborator. This
represents a $11.4 million Federal government commitment
to nuclear R&D during the three-year lifetime of these
projects. With each university contributing an additional
20 percent cost-share, the total funds directed towards
nuclear R&D increases to $14.4 million.
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Funding History

Congress appropriated annual funding for NERI in
FY 1999 through 2004 as a separate budget line item in
the Energy and Water Development Appropriations Act.
The U.S. government invested over $118 million to fund
NERI research projects during the first six years of the
NERI program. Figure 1 illustrates the cumulative number
of research projects awarded through FY 2004 in each
the four original R&D areas, while Figure 2 shows the
distribution of this funding among the national laboratories,
U.S. universities, and industry.

Advanced Nuclear Fuels/

Fuel Cycles
(16)
New Reactor Fundamental
Designs and Nuclear
Technologies Science
(47) (25)

Nuclear Waste Management
(%)

Figure 1. Distribution of FY 1999-2004 NERI projects by R&D
area.

Industry
21%

Universities
32%

National
Laboratories

47% Total Funding: $110.8M

Figure 2. Recipients of NERI research funds in FY 1999-2004.

DOE does not fund international participants as part of
the NERI program. Their participation has been supported
by the international organizations interested in the research
being conducted. Although the PIs are responsible for
soliciting such support, foreign participation in NERI
projects is contingent upon DOE approval.



Industry National
1% Laboratories
5%
Universities
94%
Total Funding: $43.9 M

Figure 3. Distribution of NERI research funds by recipient in FY
2005-2007.

NERI was refocused in 2004 to directly support the
goals and objectives of the Generation IV, AFCR&D,
and NHI programs and to emphasize the leadership
of university research programs. Figure 3 illustrates
the effect of this new program emphasis, showing a
significant redistribution in NERI research funds benefiting
universities. Figure 4 shows the distribution of NERI research
funds in FY 20052007 by R&D program area. Figure 5
notes the division of projects awarded in FY 2005 through
2007 by program area.

NERI Participants

NERI research participants in 2006 included 36
U.S. universities, 8 national laboratories, 7 private
businesses, and 2 foreign organizations. The participating
organizations are provided in the following tables.
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NHI
13%

AFCR&D
49%

Generation
\
38%

Total Funding: $43.9 M

Figure 4. Distribution of NERI research funds by R&D program
area in FY 2005-2007.

NHI

AFCR&D

42
Generation

v
29

Total Projects: 82

Figure 5. Distribution of FY 2005-2007 NERI projects by R&D
program area.

U.S. Universities

Arizona State University

Boise State University

California State University-Northridge
Clemson University

Colorado School of Mines

Georgia Institute of Technology
Illinois Institute of Technology

Iowa State University

Johns Hopkins University
Massachusetts Institute of Technology
North Carolina State University
Oregon State University
Pennsylvania State University

Purdue University

Rensselaer Polytechnic Institute
State University of New York-Stony Brook
Texas A&M University

The Ohio State University

University of California-Berkeley
University of California-Los Angeles
University of California-Santa Barbara
University of Cincinnati

University of Florida

University of Idaho

University of Illinois

University of Michigan

University of Missouri-Rolla

University of Nevada-Las Vegas

University of New Mexico

University of South Carolina

University of Tennessee

University of Virginia

University of Wisconsin-Madison

Utah State University

Virginia Polytechnic Institute and
State University

Washington State University

11
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U.S. DOE National Laboratories

Argonne National Laboratory
Brookhaven National Laboratory
Idaho National Laboratory

Los Alamos National Laboratory

Oak Ridge National Laboratory
Pacific Northwest National Laboratory
Sandia National Laboratories
Savannah River National Laboratory

Industrial Organizations

Aspen Technology, Inc.

Fluent, Inc.

General Atomics

Special Metals, Inc.

Studsvik of America

TransWare Enterprises, Inc.
Westinghouse Electric Company LLC

International Collaborators

Imperial College of Science, Technology, and
Medicine (United Kingdom)
The Royal Institute of Technology (Sweden)

12
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5. NERI and U.S. Universities:
Advancing the Goals of Nuclear R&D
Programs

Focus on Universities

One of NERI's long-term goals is to maintain the
country’s leading position in nuclear energy research
by improving the nuclear science and engineering
infrastructure. In order to achieve this long-range goal,
NERI is focused on cultivating research partnerships
with universities across the United States. This helps
educational institutions remain at the forefront of science
education and research, advances the important work of
existing nuclear R&D programs, and serves as training
for the next generation of nuclear scientists who will
carry on the groundbreaking work being performed at
national laboratories, universities, and private corporations.
Funding creative research ideas at the nation’s universities
and colleges serves another purpose as well—it helps solve
important issues that the private sector is unable to fund
alone due to the high-risk nature of the research and/or
the extended period before a return on investment is
realized.

Participants in the initial planning workshop in 1998
recommended that NERI be viewed as a “seed program”
where new nuclear-related technological and scientific
concepts could be investigated. Based on this philosophy,
NERI has provided universities and colleges with a
competitive, peer-reviewed research program that allows
faculty and students an opportunity to conduct innovative
research in nuclear engineering and related areas. Of
the 162 projects awarded through FY 2007, 86 percent
involved U.S. colleges and universities as lead investigators
or collaborators. To date, a total of 52 national universities
and colleges have participated in NERI projects.

NERI has provided U.S. universities and colleges an
opportunity to work closely with industry and DOE national
laboratories and has introduced these researchers to other
nuclear energy-related government programs. In addition
to research related to the AFCR&D, Generation IV, and
NHI programs, NERI's activities are coordinated with other
relevant energy research in the DOE Office of Science, the
DOE Office of Energy Efficiency and Renewable Energy,
and the Nuclear Regulatory Commission. Furthermore,

the Department leverages NERI program resources by
encouraging no-cost collaboration with international
research organizations and nuclear technology agencies.
In this way, universities are given the opportunity to
gain experience with international research interests and
capabilities as well.

Student Participation

One great success of NERI and other DOE programs
is that nuclear-related educational opportunities at the
universities have significantly increased. Universities have
benefited from increased research dollars which have
served as incentives for new student recruitment. As
a result of this involvement, student interest in nuclear
engineering has been revitalized. In 1998, only 500
students were enrolled in U.S. universities seeking degrees
in nuclear engineering. According to a survey performed
for DOE in March 2006 by the Oak Ridge Institute for
Science and Education (ORISE), approximately 2,000
students—1,000 undergraduates and another 1,000
graduate/doctoral students—are currently enrolled in
nuclear engineering programs.

Approximately 600 undergraduate, graduate, and
doctorate students have participated in NERI projects
since the program’s inception. Figure 6 shows how
student participation has changed with time. In addition,
numerous post-doctoral fellows at universities have been
involved in NERI research projects. In FY 2006 alone, 78
undergraduate, 91 graduate, and 85 doctoral students
participated in NERI R&D.
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Figure 6. Annual NERI student participation profile - FY 1999 through FY
2006 NERI projects.
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Over the past few years, graduates of these programs that will sustain the future growth of the nuclear power
have had consistently high grade point averages, showing industry. Figure 7 provides a map and complete listing of
that these programs are training highly qualified individuals  the 52 universities and colleges that have participated in

NERI since the program’s inception.

1 Arizona State University 19 Oregon State University 37 University of Maryland, College Park
2 Boise State University 20 Pennsylvania State University 38  University of Michigan
3 Brigham Young University 21 Purdue University 39  University of Missouri, Columbia
4 California State University Northridge 22 Rensselaer Polytechnic Institute 40  University of Missouri, Rolla
5 Clemson University 23 State University of New York, Stony Brook 41 University of Nevada, Las Vegas
6 Colorado School of Mines 24 Texas A&M University 42 University of New Mexico
7 Cornell University 25 University of Akron 43 University of Notre Dame
8 Georgia Institute of Technology 26 University of Arizona 44 University of South Carolina
9 Idaho State University 27 University of California, Berkeley 45 University of Tennessee

10 lllincis Institute of Technology 28  University of California, Davis 46 University of Texas, Austin

11 lowa State University 29  University of California, Los Angeles 47 University of Virginia

12 Johns Hopkins University 30  University of California, Santa Barbara 48  University of Wisconsin

13 Kansas State University 31 University of Chicago 49  Utah State University

14 Massachusetts Institute of Technology 32 University of Cincinnati 50 Virginia Polytechnic Institute

15 New Mexico State University 33 University of Florida and State University

16 North Carolina State University 34 University of Idaho 51 Washington State University

17 Ohio State University 35  University of lllinois 52 Washington University

18  Ohio University 36 University of Kentucky

Figure 7. Locations of NERI universities and colleges.
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6.0 PROJECT SUMMARIES AND
ABSTRACTS - FY 2005-2007

6.1  Generation IV Nuclear Energy Systems
Initiative

There are 29 NERI research projects currently being
performed under the Generation IV Nuclear Energy

Systems Initiative. Fifteen of these projects were awarded
in FY 2005, six in FY 2006, and eight in FY 2007.

Work under Generation IV focuses on developing new
reactor systems to be deployed during the next 20 years.
As discussed in Chapter 3, these systems will achieve high
burnup using transmutation and recycled fuel, allowing for
efficient use of domestic uranium resources and minimizing
radioactive waste. Advances in safety and physical
protection will guard against possible acts of terror and the
ability to divert nuclear materials, helping to ensure public
confidence in nuclear technology.

During FY 2006, researchers worked on projects
spanning most of the Generation IV program elements. In
the area of Advanced Gas Reactor fuel development, they
are optimizing a supercritical CO, cycle, developing on-line
failure monitoring, and improving analytical techniques.
Design and evaluation projects focus on improving
modeling capabilities, neutronic analysis, thermal-hydraulic/

16

heat transfer analysis, model uncertainty evaluations,

and risk assessment techniques. Energy conversion
projects target nuclear heat transport and supercritical CO,
systems. Materials evaluations continue to occupy a large
percentage of the Generation IV program, with studies

of radiation behavior, improving corrosion resistance,
development of advanced ceramics and metal alloys,

and improving modeling capabilities. Research is being
conducted specific to four reactor technologies: the LFR,
SCWR, VHTR, and SFR. These projects involve lead and
lead-bismuth corrosion for the LFR thermal-hydraulic
modeling and materials evaluation for the SCWR and
design analysis methods and materials development for the
VHTR. Projects related to the SFR can be found in Section
6.2, as they are currently funded under AFCR&D.

Planned NERI research efforts related to this initiative
will focus primarily on NGNP and GNEP-related activities.
No crosscutting research in design/evaluation or energy
conversion is funded for FY 2007. Future projects will
involve:

e Very High-Temperature Gas Reactor
e Sodium-Cooled Fast Reactor
e Materials

A summary of each project being performed under this
initiative follows.
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Project Summaries and Abstracts

FY 2005 Project Summaries

05-028

05-030

05-044
05-054

05-074

05-079

05-080
05-086

05-110
05-114
05-116
05-143
05-146
05-151
05-160

In-Situ X-ray Spectroscopic Studies of the Fundamental Chemistry of Pb and Lead-Bismuth
Corrosion Processes at High Temperatures: Development and Assessment of Composite
CorrosioN—RESISTANT MALEIIAIS. .. .vuuiirre i it e s e e s e et e e e e e s e e s e e e s e e e esa e e ena e arnnneaennnn

Detailed Reactor Kinetics for CFD Modeling of Nuclear Fuel Pellet Coatings for High-Temperature
(CF T 0o (=T [ 2 =T Lot o] £ PP PRRPPPTPIOS

Optimized, Competitive Supercritical-CO, Cycle GFR for Generation IV Service..........cccoviiniiiiiiiiniecniecnne,

On-line Fuel Failure Monitor for Fuel Testing and Monitoring of Gas-Cooled
Very High-Temperature REACIOIS ......cicuruiiiiiiiieiiie e eesis s s s s e s e e s e e s s e s e e e e s s e s ee s s e e e eerrna e e e eennnans

Development of High-Temperature Ferritic Alloys and Performance Prediction Methods
for Advanced FiSSion ENErgy SYSLEIMS ....cuuuuiiiiiiiriiisieseersiiss s s s serssn s s s ssssss s s s s erssss s s s sressasessserssasesssnnssnnsensenns

Development and Analysis of Advanced High-Temperature Technology for Nuclear Heat
TranSpOrt aNAd POWEE CONVEISION ....cuuuieiitiieeetieeeetueseeteseetuseesns s eennaeeanaeesnnaeanaaeeaneseansesennneersnnesrnnnsernnnnns

Development of Risk-Based and Technology-Independent Safety Criteria for Generation IV Systems ...............

Development of Modeling Capabilities for the Analysis of Supercritical Water-Cooled Reactor
Thermal-HydraulicS @nd DYNaMICS ......iiuuiiiiiieiii s s s s e s e e s e e s e e e e s aa e s e ea e e e e e s eaa e s enaanns

Novel Processing of Unique Ceramic-Based Nuclear Materials and FUElS ...........ccuiiiiiiiiiiiiiin e,
Real-Term Corrosion Monitoring in Lead and Lead-Bismuth SyStems.........ccciiiiiiiiiiiiiiinciin e
The Effect of Hydrogen and Helium on Irradiation Performance of Iron and Ferritic AllOyS ......cc.cvveiviiiiinnnennn,
Alloys for 1,000°C Service in the Next Generation Nuclear Plant............coovvveiiiiiiiiiiiiiiii e
Heat Exchanger Studies for Supercritical CO, Power Conversion System .........c.cccoeiiriiiinnienniec e,
Candidate Materials Evaluation for the Supercritical Water-Cooled REACLOr .......ccuuviiiiiiiiiiiiiiccriiiie e

Validation and Enhancement of Computational Fluid Dynamics and Heat Transfer Predictive
Capabilities for Generation IV REACtOrs SYStEMS .......coiiiiiiiiiiiiiiieree e e e e e e e e e e e e e e e e e eeeeeennnes

FY 2006 Project Summaries

06-006
06-046

06-057
06-068
06-100

06-109

Ab-Initio-Based Modeling of Radiation Effects in Multi-Component AllOYS.........uucviiiieriiiiniiseerriieneeseeenin s eeeenns

Managing Model Data-Introduced Uncertainties in Simulator Predictions for Generation IV Systems
via Optimum EXPerimental DESIGN ....cccuruuiiiiiierriiis e s ersissssessrrss s s s s errss s s s serss s s e s rerssassesserssnsessensnnnsessennnnns

Uncertainty Quantification in the Reliability and Risk Assessment of Generation IV Reactors .........ccceeevvivvennnnn.
An Advanced Neutronic Analysis Tool Kit with In-line Monte Carlo Capability for VHTR Analysis......c...ccccceeeeeee.

Improving Corrosion Behavior in SCWR, LFR, and VHTR Reactor Materials by Formation
Lo = I = L (o = PP

Multi-Scale Modeling of the Deformation of Advanced Ferritic Steels for Generation IV
NUCIEAr ENEIGY SYSLEIMS ..iuiiiiiii ittt e e et e e st a e e e e e e et e e e e e e e e ea e e e eaa e e e ea e e e eaan e e e aaaas
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FY 2007 Project Abstracts

07-003

07-011

07-017

07-018
07-020

07-024
07-058
07-069
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An Advanced Integrated Diffusion/Transport Method for the Design, Analysis, and Optimization

of the Very High-Temperature REACLOIS.....u.uuiiiiiiiiiii it eersn s s s s e e e eees

Implications of Graphite Radiation Damage on the Neutronic, Operational, and Safety Aspects

of Very High-Temperature REACIOIS. ... .uuuuueiii et e e e e e s

Advancing the Fundamental Understanding and Scale-up of TRISO Fuel Coaters via

Advanced Measurement and Computational TeChNIQUES.........cuvuiiiiiiiriiiin e eeaen

Fission Product Transport in TRISO-Coated Particle Fuels: Multi-Scale Modeling and Experiment
Emissivity of Candidate Materials for VHTR Applications: Role of Oxidation and

Surface Modification TreatMENTS....cuvuuiii e e e e r s
Materials and Design Methodology for Very—High—-Temperature Nuclear Systems ..........ccccccocu...
Experimental and CFD Analysis of Advanced Convective Cooling Systems.........ccccevvevviiieennninennn.

Establishing a Scientific Basis for Optimizing Compositions, Processing Paths, and Fabrication

Methods for Nanostructured Ferritic Alloys for Use in Advanced Fission Energy Systems............
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In-Situ X-ray Spectroscopic Studies of the Fundamental Chemistry of Pb and
Pb-Bi Corrosion Processes at High Temperatures:
Development and Assessment of Composite Corrosion-Resistant Materials

PI: Carlo U. Segre, Illinois Institute of
Technology

Collaborators: None

Project Number: 05-028
Project Start Date: January 2005

Project End Date: December 2007

Research Obijectives

The objective of this project is to characterize the
corrosion tolerance of various materials for use in advanced
liquid metal reactors. Researchers will probe surface
interactions of lead (Pb) and lead-bismuth eutectic (LBE)
liquid metal coolants at temperatures up to 1,000°C. A
thin film of coolant, i.e., a few atomic layers, deposited on
the surface before heating will enable researchers to study
the solid-liquid interface between the candidate composite
materials and the liquid metal coolants.

They will probe the coolant with X-ray absorption
spectroscopy (XAS) to determine how it reacts with the
solid underneath, and will utilize the undulator beamline,
a unique resource available at the Materials Research
Collaborative Access Team. These real-time, in-situ
corrosion characterization methods will allow researchers
to directly observe the fundamental chemical mechanisms
that lead to corrosion. In addition, the team will study
candidate materials and materials with surfaces modified
by a new process—ionized plasma deposition (IPD). IPD
revolutionizes the development of composite coatings
by creating surface treatments not possible with simple
deposition techniques. The process can impregnate
a substrate material with a precisely designed coating
having a specific composition, thickness, penetration, and
nanostructure.

Researchers will conduct the following tasks as part of
this research effort:

e Develop techniques to deposit thin coolant layers
onto a substrate, heat treatment procedures, and XAS
measurement methodology

e Study coolant interactions with steel substrates and
candidate materials such as molybdenum (Mo),
tantalum (Ta), zirconium (Zr), and silicon-carbide (SiC)
and correlate data with conventional dip tests

e Apply IPD to prepare surface-modified steel samples
and perform further in-situ and long-term static tests
using the best candidate materials

Research Progress

During this period, researchers began analyzing
the data from initial ex-situ experiments, including the
visual observation of corrosion on 316L stainless steel,
molybdenum, and spinel samples exposed to Pb vapor at
1,000°C for 50 hours, as shown in Figures 1-3.

-,

Figure 1. 316L Stainless Steel exposed to Pb at 1,000°C (50x
magnification).
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These images show that 316L steel is most affected by
the Pb vapor, as it shows severe flaking from the surface
and a distinct layer of lead. In contrast, molybdenum
shows no flaking but exhibits a change in surface color.
Spinel shows virtually no effect at all. This visual inspection
was borne out by measurements of Pb fluorescence
intensity as a function of material.

Figure 2.
Molybdenum metal
exposed to Pb
vapor at 1,000°C.

Figure 3. Surface
of spinel, exposed
to Pb vapor at
1,000°C.

For their first in-situ high-temperature experiments
(Figure 4), researchers used four days of beamtime at
the Advanced Photon Source facility at Argonne National
Laboratory. These experiments were conducted to:

1) Test the capabilities of the high-temperature furnace
insert with Kapton windows

2) Perform preliminary experiments of Pb reaction with a
metal surface in a helium atmosphere

3) Take extended X-ray absorption fine structure (EXAFS)
spectra of the same sample processed at a series of
high temperatures in inert atmosphere

4) Measure reactivity of Mo metal with Pb and residual
oxygen by EXAFS

The experiments showed that in-situ processing
temperatures up to 900°C can be attained without melting
the Kapton windows. Researchers conducted examinations
at room temperature after heating to the desired maximum
temperature and have begun to analyze the data. They
submitted abstracts to two conferences and presented a
poster on this research.

20

Researchers measured the fluorescence spectra of the
Pb-coated Mo sample in-situ at various temperatures. By
integrating the counts under the Pb Ko fluorescence line,
they determined that the quantity of Pb remains relatively
constant as a function of temperature. This indicates that
the Pb has reacted with the Mo surface and is not volatile,
even at high temperatures.

Kapton Covered
Window

~ =
y "
7 4 P y

)

beamline. The system was successfully raised to 900°C.

The radial distribution functions obtained from the Mo
edge XAFS data after each heating step showed that the
surface remains largely metallic, but an additional short-
range order forms with high-temperature processing. Each
data set was fit using a pure Mo metal model in the range
1.6A <R<5.6A&. Subtracting this fit yielded a qualitative
measure of the change in low-R intensity as a function
of processing temperature. The low-R peaks exhibit
a systematic growth in intensity, reaching a maximum
at 750°C. However, the peaks disappear at higher
temperatures, which may indicate the presence of a self-
limiting mechanism.

Planned Activities

In the coming year, researchers will construct a new
furnace to enable a more rapid change in temperature and
finer control of the incident beam angle for further in-situ
studies. They will apply the coatings to the steel samples
using an in-house sputtering system with high-temperature
substrate heating.
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Detailed Reaction Kinetics for CFD Modeling of Nuclear Fuel
Pellet Coating for High-Temperature Gas-Cooled Reactors

PI: Francine Battaglia, Rodney O. Fox, and Mark
S. Gordon, Iowa State University

Collaborators: None

Project Number: 05-030
Project Start Date: April 2005

Project End Date: April 2007

Research Objectives

The objective of this research is to validate and improve
computational models for coating uranium fuel pellets with
carbon and silicon carbide (SiC) using the chemical vapor
deposition (CVD) process in a spouting bed. Researchers
will conduct a state-of-the-art computational study of the
CVD process in order to further develop models of the
reaction kinetics. This project will take a complementary
approach using computational fluid dynamics (CFD) to
model the CVD process and apply it as a tool for reactor
design, scale-up, and optimization. The work will validate
the computations with experimental data for the multiphase
fluid mechanics and species chemistry predictions required
to describe the CVD process. The specific tasks to achieve
the objectives are to:

1) Develop detailed reaction kinetics models of the
gas-phase and surface molecule interaction using
computational chemistry to predict surface coating
rates

2) Implement the reaction kinetics using in-situ adaptive
tabulation for complex chemistry and couple to the
Multiphase Flow with Interphase eXchanges (MFIX)
computer code

3) Implement a polydispersity model in MFIX to account
for effects of particle size distribution

Research Progress

The homogeneous chemistry mechanism for the
chemical vapor deposition of silicon carbide includes 113
gas phase reactions and 50 species. Researchers studied
the decomposition reactions of methyltrichlorosilane
(MTS) — CH,SIiCl, — and consecutive gas phase reactions
with the GAMESS package. They calculated single-point

energies for the local minima and transition states (TS) by
applying state-of the-art methods, which were then used
to compute the reaction rate constants using the transition
state theory. They compared values for heat capacity

(C,) and entropy (S) between theoretical calculations and
experiments for various gas phase species. The calculated
G and S values match well with the experimental values within a
wide range of temperatures—from 298 to 2,000 K. Calculated
reaction enthalpies agree with available experimental data
within 1-2 kcal/mol.

Researchers performed constrained optimization
calculations to investigate detailed paths of the association/
dissociation reactions without a well-defined transition
state, such as CH,SiCl, — CH, + SiCl,. Hessian calculations
have been done to obtain the partition functions for the
structures along the reaction paths. A recently developed
method, the left eigenstate completely renormalized
coupled cluster method (CR-CCL), has been used to obtain
single-point energies for every studied structure on the
reaction path to locate the generalized transition state (i.e.,
the structure with the maximum free energy along the
reaction path). Because this new coupled cluster method
has only been implemented for singlet species, researchers
could not use this method to examine doublet-constrained
reaction paths.

Due to a discrepancy between the potential energy
surfaces (PES) of ethylene (C,H,) predicted in the present
work compared with previous studies, the researchers have
applied a more accurate method to obtain the optimized
structures of local minima and transition states. Hessian
calculations were performed to obtain the zero-point
energies at the CCSD(T)/aug-cc-pVDZ level of theory. The
PES presented in Figure 1 shows that the C, symmetry
ethylidene (CH,CH) is a local minimum and there is no
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intermediate between vinylidene (CH,C) and acetylene
(C,H,). The CCSD(T) results agrees with Jensen et al.
calculations at the MP2/6-31G(d,p) level of theory, but not
with MP2/aug-cc-pVDZ calculations. This study completed
the transition state search for all the gas-phase reactions in
this work.

that were not directly involved in the decomposition of MTS
or were unimportant for surface reactions.

By analyzing the differential equations corresponding
to the reduced chemistry set, researchers found that the
evolution of the dominant species (and their equilibrium

concentrations) in the reduced chemistry set were

CH;+H
105.2

*105.7

CH3;CH
71.6

CH;CH
71.6

C,H,+H,
42.5

CoHy
0.0

C,H,+Hj

nearly the same as those in the full chemistry

set. They used an alternative method to verify

the equilibrium species concentrations, based on
chemical element potentials, along with minimizing
Gibb’s free energy. Based on the results, the two
approaches (i.e., differential equation integration and
chemical element potential) gave the same species
concentrations at equilibrium.

Researchers used the simple “pair-wise mixing
stirred reactor model” to test the performance of
ISAT (coupled with CHEMKIN) with the reduced-set
MTS decomposition chemistry. They found that the
ISAT tree reached a mature state in which almost

Figure 1. Potential energy surface of C,H,. Numbers are relative enthalpies in
kcal/mol at 0 K. Classical energies and zero-point energies are obtained at the
CCSD(T)/aug-cc-pVDZ level of theory. The symbol # stands for a transition state.

In order to analyze the chemical species compositions
involved in the decomposition of MTS, researchers
compiled a thermodynamic database for each species. For
the coupling of the MFIX code with ISAT, they created an
input file containing the required chemistry information
in a format compatible with the CHEMKIN software
package. This format requires specific heat, enthalpy, and
entropy to be stored as polynomials, while reaction rates
are stored in the form of parameters characterizing the
Arrhenius temperature dependence. Based on data for
forward rate constants for each of the MTS decomposition
reactions obtained from ab initio calculations, the
researchers determined Arrhenius rate parameters for the
pre-exponential factor, the temperature exponent, and
activation energy, using a least-squares procedure.

Using the chemistry input, researchers obtained the
evolution of the species concentrations by solving the
corresponding ordinary differential equations. For a test
case of 1 mole of MTS and 4 moles of hydrogen (H,) at
1,000 K under constant pressure and adiabatic conditions,
the dominant species at equilibrium include H,, methane
(CH,), trichlorosilane (SiHCL,), tetrachlorosilane (SiCl,) and
methyltrichlorosilane (CH,SiCl,), with mole fractions ranging
from 0.1 to 0.7. They found several species had very low
concentration values with mole fractions less than 105, A
reduced chemistry set was obtained by eliminating low
concentration species (and the reactions containing them)
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every query point resulted in a retrieve. They have
completed this phase of code development and

are working to test implementation for a bubbling
fluidized bed with the MTS reduced chemistry.

Planned Activities

Modeling will continue with SIMOMM calculations
to study the thermodynamics and kinetics of the
heterogeneous reactions between the gas phase species
and the pyrolytic C and SiC solid surfaces. Researchers will
perform comprehensive kinetic simulations using the VTST
rate constants at various CVD temperatures to obtain an
improved reduced set of gas phase reactions. They will
also initiate kinetic modeling using the activation energies
obtained from electronic structure calculations.

For the complex chemistry modeling efforts, researchers
will continue to implement ISAT with MFIX using a reaction
kinetics scheme based on the reduced reaction set
determined from the computational chemistry. Simulations
will be conducted to validate the multiphase fluid
mechanics and chemistry predictions of major species and
temperature for the spouted-bed CVD reactor.

In the final phase, researchers will initiate calculations of
surface effects on the predicted rate constants. They will
use the MFIX code will be used to address scale-up issues
for the process-size coater and to study the hydrodynamics
and particle mixing patterns.
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Optimized, Competitive Supercritical-CO, Cycle GFR for Generation IV Service

PI: Michael J. Driscoll, Massachusetts
Institute of Technology (MIT)

Collaborators: None

Project Number: 05-044
Project Start Date: April 2005

Project End Date: April 2008

Research Obijectives

This project is developing an integrated overall plant
design for a gas-cooled fast reactor (GFR) based on the
compact and highly efficient, direct supercritical carbon
dioxide (S-CO,) Brayton cycle under development at MIT
for Generation IV service. This plant will be capable
of economical electric power generation, high uranium
utilization, burning of transuranics (TRU) and/or minor
actinides, and hydrogen production through the high-
temperature electrolysis of steam. Researchers are
evaluating prospective plant designs using existing Nuclear
Regulatory Commission (NRC) deterministic regulations and
proposed risk-informed licensing requirements. They are
applying probabilistic techniques to optimize the tradeoffs
between economics and safety assurance.

Most worldwide research on this type of gas reactor
is presently based on a helium cycle that operates at
temperatures approaching 900°C, which poses

microturbines or fuel cells; and integrating both active
and passive means of shutdown assurance to preclude an
anticipated transient without scram (ATWS). Researchers
will optimize the final design for integration with a high-
temperature steam electrolysis process for hydrogen
production and they will conduct an economic assessment
to estimate costs. Overall, this project will provide a
sufficient basis for assessing this type of GFR among the
other candidate Generation IV designs being evaluated for
final selection.

Research Progress

The current status of the plant design, incorporating
all changes implemented during the first 20 months of the
project’s efforts, is summarized in Table 1. Following is a
summary of the noteworthy developments.

Figure 1 illustrates the overall plant layout coupling the
reactor to supercritical CO, Brayton power conversion units.

severe challenges to the core and component
materials. Because the S-CO, cycle can achieve high
thermodynamic efficiency (approximately 44 to 51
percent) at modest temperatures of 550 to 650°C,
researchers can utilize already-proven technologies in
their design.

Major tasks of this project focus on designing the
reactor core and the decay heat removal systems.
In designing the core, researchers have optimized
features of the vented fuel concept using tube-in-duct
(TID) assemblies. In addition they are developing
a pin-type core design as an alternative and are
confirming the capability of burning TRU and minor
actinides. Design of the safety system is guided
by probabilistic methods and involves developing a
decay heat removal system for accidents, shutdown,

and refueling; improving emergency power, such as

Figure 1.

Arrangement of reactor and power conversion units.
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Subsystem Features Comments
Core
Fuel Uo, + BeO LWR TRU fissile £+ MA
Clad ODS-MA956, or HT-9 SiC a long range possibility
tube-in-duct fuel
Configuration assemblies, “hexnut” pin-type core as fallback

pellets, vented, orificed

Thermal-Hydraulics

axial peaking factor <1.3
radial peaking factor <1.2
power density ~ 85 W/cc

Vary BeO fraction to flatten
power. Lower than GA
GCFR of 1970s @ 235
Wicc

Burnup

2120 MWd/kg (avg)

In single batch no-reshuffle
core, 17-yr lifetime

Safety Systems

Auxiliary Loops

combined shutdown &
emergency, 4 x 50%
capable, forced convection;
natural convection
supplemented water boiler
heat sink

Based on MIT/CEA/ANL
INERI project design.
For P=0.7 MPa natural
convection alone may
suffice

Emergency Power

Fuel cells to supplement
diesels

Projected to be more
reliable than diesels alone
in long run

Plant

Power Conversion System
(PCS)

supercritical CO, Brayton
direct 2 x 600 MWe
loops=1200MWe; 650°C
core exit/turbine inlet,
pressure: 20 MPa

AGRs in UK use CO,
coolant at 4 MPa and have
T~650°C

Reactor Vessel

PCIV

Vessel houses loop
isolation and check valves
plus shutdown cooling heat
exchangers

Containment

PWR type, steel liner
reinforced concrete 0.7
MPa design capability,
70,000 m? free volume
filtered/vented

CO, can be added to
adjust pressure. Internally
insulated

H, production by steam
electrolysis

Separate water boiler loops
(4) @ 10% of reactor power

Recuperation of H, & O,
heat allows cell operation
at 850°C

Water boiler loops can
also serve for self-powered
decay heat removal

Table 1.

Current status of GFR plant features.

was developed, and a prototype

was tested in the laboratory which
provides a passive means to ensure
reactivity insertion during loss of
coolant accident (LOCA) or loss of
flow (LOF) events. The basis for core
self-protection, however, remains the
incorporation of integral fast reactor-
type inherent reactivity feedbacks
(e.g., Doppler, expansion, etc.) to
ensure quasi-static compensation.
Significant progress was made on
both steady state and transient/
accident thermal-hydraulic analyses.
The results were published as a
major topical report.

Researchers have developed
a steady-state core design that
utilizes an innovative, high-fuel-
volume fraction, vented, tube-
in-duct fuel assembly. After
performing an extensive series of
iterative calculations, researchers
used RELAP5-3D to evaluate the
natural circulation performance of
an active/passive hybrid Shutdown/
Emergency Cooling System (SCS/
ECS). The routes were identified
by which significant post-LOCA core
bypass could occur and degrade the
decay heat removal performance.
Moderately sized blowers were shown
to be capable of overcoming even
extreme core bypass routes. A highly
reliable active SCS/ECS was thus
adopted for the reference design.

The loss of external load event
was analyzed and a bypass valve
scheme recommended that prevents

shaft overspeed and excessive core coolant mass flow

The arrangement shown fits inside a conventional 54 m
inner-diameter PWR-type containment building.

Researchers developed a final version of a tube-in-
duct assembly core and presented the results at PHYSOR
2006. A unique feature was the use of radial reflector
assemblies as conduits for the CO, coolant. This, plus the
use of beryllium oxide (BeO) diluent in the fuel, yielded
a core having a negative coolant void reactivity over its
burnup lifetime without significant penalties to other
performance criteria. An improved flow-levitated absorber
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rate. Researchers selected a large, dry pressurized water
reactor (PWR) containment building that has a free volume
of 70,000 m*® and a peak design pressure of 7 bar for this
design based on a 100 in? cold duct break. During this
same cold leg LOCA, the depressurization time was in
excess of 10 minutes. No action needed to be taken by the
SCS/ECS blowers before this time to prevent core damage.
After this time, a total blower power less than 90 kW is
sufficient to cool the core out to 10,000 seconds. A loss

of flow transient in which a primary loop is instantaneously



isolated and no mitigating action is taken (i.e., no reactor
scram) is also shown not to cause core damage.

Researchers concluded that a large S-CO,-cooled GFR
coupled to a supercritical Brayton power conversion system
can withstand the thermal hydraulic challenges posed by
the usual menu of severe accident scenarios.

The final major development was devising an approach
for optimally coupling the supercritical CO,-cooled GFR to
a high-temperature steam electrolysis (HTSE) plant for
hydrogen production. This involves the use of four parallel
self-powered loops, each removing about 2.5 percent of
reactor thermal power. The steam discharged from the
loop’s high-pressure turbine normally flows to the HTSE
cell via recuperators, which recover thermal energy from
the product hydrogen and oxygen gases. This allows the
cell to operate at a higher temperature than the reactor,
sustained by the ohmic heating produced by the electricity
supplied by the reactor’s large power conversion loops.

In normal operation and most shutdown scenarios,
the turbine drives the CO, loop circulator and generates
excess electricity for plant or emergency system use. The
reversible motor-generator can also power the blower using
on- or off-site emergency electric power. This arrangement
has several advantages. The water boiler loops eliminate
the need for separate shutdown and emergency cooling
loops and are always on, which increases the probability
that they will be available for SCS/ECS service (no fail-
to-start sequences and constant diagnostic signals). The
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loops are oversized for SCS/ECS service with a required
total water boiler energy rating that allows for four 100
percent capacity shutdown cooling system loops, versus
the four 50 percent loops specified in the current all-
electric design. This yields a major improvement in safety
assurance. Although devised for a GFR, the same approach
will work for other Generation IV reactor concepts.

Planned Activities

Following is a summary of activities planned for the next
fiscal year.

e Continue RELAP5-3D transient thermal hydraulic
analyses to confirm the capability of the overall plant
design to tolerate severe transient events, such as loss
of coolant, flow, or load.

e Optimize a pin-type core design and finalize down-
selection between pin and tube-in-duct designs. Also
assess minor actinide burning.

e Continue probabilistic risk assessment studies to help
determine the best balance between passive and active
safety assurance features and capabilities.

e Devise a final balance-of-plant direct cycle arrangement
for the supercritical power conversion system, taking
into account the experience developed under a
separate Generation IV contract for indirect cycle
analyses. This will serve as the basis for an updated,
overall cost-of-electricity estimate.
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NUCLEAR ENERGY-RESEARCH INITIATIVE

On-Line Fuel Failure Monitor for Fuel Testing and Monitoring of Gas-Cooled
Very High-Temperature Reactors

PIs: Ayman I. Hawari and Mohamed Bourham,
North Carolina State University (NCSU)

Collaborators: None

Project Number: 05-054
Project Start Date: January 2005

Project End Date: December 2007

Research Obijectives

The primary objective of this project is to devise
an accurate approach for detecting failures of TRISO
(tristructural isotropic) fuel based on measurements of
fission gas activity released into the effluent stream. In
the gas-cooled very high-temperature reactor (VHTR),
the fuel is made up of TRISO microspheres composed of
a uranium-carbide (UCO) kernel surrounded by a porous
graphite buffer, an inner graphite layer, a silicon carbide
(SiC) coating, and an outer pyrolytic graphite layer. The
kernel’s coating system acts as the containment and main
barrier against the environmental release of radioactivity.
However, due to hostile in-core conditions during reactor
operation (e.g., high temperature and fast neutron flux),
some TRISO microspheres will fail. To ensure compliance
with radiological and safety requirements, it is essential to
detect any fuel failure at the earliest stage possible.

This project will develop techniques for detecting
a single failed TRISO particle per testing capsule.
Researchers believe that fuel failure rates on the order
of 10 are detectable and that the detection method will
provide insight into the failure mode. They will study
various detection methods to differentiate the minute
fission product signal from the background.

As part of the VHTR fuel development program,
researchers will conduct fuel failure experiments at Idaho
National Laboratory’s (INL) Advanced Test Reactor (ATR).
Methods and instrumentation developed by this project
may be applied to on-line fuel failure monitoring of VHTRs.

Research Progress

The team continued work to understand the gamma-ray
signal generated by the krypton (Kr) and xenon (Xe) fission
gases released from failure of TRISO fuel. Researchers
have studied several theoretical models that describe
this release and performed detailed Monte Carlo (MCNP)
simulations of the German II, JAERI (Japanese), General
Atomics (GA), and British models. All of these models are
based on the Booth diffusion formula and yield the release-
to-birth (R/B) ratio for a particular fission gas species based
on steady-state conditions.

The JAERI and GA models account for gas release
due to recoil effects and introduce correction factors
for burnup and precursor effects. Figure 1 shows the
predicted gamma-ray spectra measured by a high-purity
germanium (HPGe) detector using both of these models.
The simulations considered release due to both uranium
contamination in the graphite matrix and the failure of a
single TRISO particle.
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Figure 1. Predicted gamma-ray spectra from an HPGe detector for Kr release (a) and Xe (b). The Modified JAERI model does not include release

through a graphite compact (if one exists).

Researchers received a cerium-doped lanthanum
bromide (LaBr,(Ce)) scintillation detector, considered a
high-resolution instrument at room temperature. To test its
performance, they conducted a detailed study of resolution
as a function of energy. Figure 2 shows measured gamma-
ray spectra using cobalt (Co-60), barium (Ba-133), cesium
(Cs-137), europium (Eu-152), and thorium (Th-228)
sources. The information derived from these spectra was
processed for use in the MCNP detector models.

In addition, researchers examined the applicability of
room temperature cadmium-zinc-telluride (CZT) detectors
for the gamma ray spectral analysis of failed TRISO
fuel. They measured several different test sources with
a 15 x 15 x 10 mm CZT detector, using both digital and
analog spectrometry systems. This detector has improved
inherent resolution compared to both LaBr,(Ce) and a
previously reported high-purity xenon (HPXe) detector.

Researchers have assembled and tested the gas
extraction system and electro-ionizer cell. The complete
assembly, as shown in Figure 3, includes the following:

e T-shaped test cell

e Ring outer electrodes coupled to a 13.56 MHz
radiofrequency generator

¢ Helmholtz magnet coils with a stabilized DC current
power supply

e Gas manifold system with helium main flow and
krypton and xenon controlled flow

e Vacuum gauge, pump, metering valves, and structure

The magnet system, composed of two coils in Helmholtz
geometry, provides a uniform 830 gauss field with 15
amp current. The system was designed to deflect and
focus fission gas ionized products (Kr+ and Xe+) into
the detector location. The trajectories of Kr and Xe ions
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Figure 2. (a) The LaBr,(Ce) detector and (b) the measured energy spectra using various gamma-ray sources. Background spectra are shown, including

the inherent background of this type of detector.
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Figure 3. The electro-ionizer assembly and Helmholtz magnet coils.

are well into the detection window and are separated by
one centimeter for a 100 gauss magnetic field. A test of
the cell’s capability and the effect of the magnetic field

was conducted using the spectral intensity of selected

Kr+ and Xe+ lines (Figure 4) with no magnetic field and
field intensities of 277 and 553 gauss (5 and 10 amps,
respectively). The results show that line intensity increases
with increased applied magnetic field, indicating higher
focusing of Kr and Xe ions towards the detection window.

The intensity of the 465.89 nm KrII line is 5x1073,
1.5x10%2, and 3.1x102 yW/cm?-nm, corresponding to
magnet currents of 0, 5, and 10 amps, respectively. For
the 472.36 nm XellI line, these values are 0.59x103,
2.38x107 and 4.76x103 uW/cm?-nm, respectively, clearly

indicating the effectiveness of the magnetic field in focusing

ionic species of fission gas products.

Emission Spectra with Helmholtz Coils Magnet Currents of 0, 5 and 10 Amps
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Figure 4. Spectral intensity of Kr and Xe lines with increasing magnetic
field intensity.

Planned Activities

Researchers plan to study various gamma-ray spectral
analysis techniques for low-resolution detectors that may
be implemented in this work. The team will propose a
general benchmark methodology of the R/B ratio that
utilizes the fundamental information that can be derived
from a given spectrum. In addition, they will examine the
feasibility of irradiating TRISO fuel in the NCSU PULSTAR
reactor to evaluate different R/B ratio models for failed
TRISO particles.

Coordination will continue with INL staff to explore
transferring the extraction and detection system for testing
at the ATR test loop. This will provide a combined gamma-
ray spectrometry/mass spectrometry system to perform
detailed quantitative analysis of the released signal upon
the failure of a TRISO microsphere.
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Development of High-Temperature Ferritic Alloys and Performance
Prediction Methods for Advanced Fission Energy Systems

PI: G. R. Odette, University of California-Santa
Barbara

Collaborators: Oak Ridge National Laboratory
(ORNL), University of California-Berkeley, Illinois
Institute of Technology

Project Number: 05-074
Project Start Date: March 2005

Project End Date: March 2008

Research Obijectives

The primary objective of this project is to develop a new
high-temperature alloy class for use in advanced nuclear
reactor systems. These nanostructured ferritic alloys
(NFAs) have remarkable creep strength, excellent ductility,
show good fracture toughness potential, and may mitigate
radiation damage.

The team will address the combined effects of high
temperatures (>900°C) and high radiation dose on
commercial alloys, especially MA957. They will conduct
model alloy experiments to better understand NFA thermo-
kinetics and structure-property relations in order to
optimize processing paths and the balance of properties.
Researchers will also collect data and conduct thermal
aging experiments on 9Cr tempered martensitic steels
(TMS) to assess embrittlement and high-temperature
stability-aging limits. The major objectives of this project
are to:

e Develop a comprehensive mechanical property and
microstructural database of MA957, other NFAs,
and TMS, emphasizing the effects of irradiation on
deformation and fracture; semi-empirical constitutive
models, including high-temperature creep; and a
master fracture toughness-temperature curve method
for applying NFAs

e Conduct experiments on nano-microstructures and
mechanical properties to optimize processing paths,
properties, and service lifetimes; conduct thermal aging
studies; and perform post-irradiation examination and
data analysis of irradiation experiments

e Investigate advanced solid-state welding and diffusion
bonding techniques for joining MA957 and other NFAs
that maintain beneficial micro-nanostructures

e Develop models of precipitation thermo-kinetics and
high-temperature thermal and irradiation stability
of nm-scale precipitates in NFAs, transport fate
and consequences of helium, and compare results
of thermal aging and irradiation experiments to
predictions

Research Progress

Database and Physically Based Constitutive and
Fracture Toughness Models. The researchers continued
developing a large 9Cr TMS database to support models
of irradiation hardening and embrittlement and their
underlying constitutive behavior. They used an assessment
of irradiation effects up to 500°C to develop a preliminary
composite model of embrittlement due to irradiation
hardening and non-hardening mechanisms leading to
weakened grain boundaries and intergranular fracture.
Figure 1 provides an example of the model predictions for
three loading rates at the high helium-to-displacement per
atom ratio (100 appm/dpa) pertinent to Advanced Fuel
Cycle R&D applications.

Data collected to test model predictions at higher dpa
are very encouraging. Researchers analyzed 1) a dynamic
yield stress database from 158 unirradiated and 610
irradiated specimens by Schneider et al., and 2) a static
tensile database based on a o(g,e,T) dislocation dynamics
constitutive model. These analyses showed that a two-
component yield stress model with a thermally activated
component of the yield stress, o, (¢’T), adding to the
athermal contribution applies over a wide range of strain
for 17 unirradiated 9 Cr TMS alloys. The model calibrated
to unirradiated data provides a reasonable fit to irradiated
data; however, there is a small, but systematic deviation,
especially at higher temperatures. These differences in
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flow dynamics are likely caused by short-range dislocation
obstacles introduced by neutron irradiation.

The post-yield strain-hardening behavior to a necking
instability point has also been derived from the tensile tests
of Cr-W and Cr-Mo steels irradiated up to 2 dpa at 300°C.
Reduced strain hardening rate and higher flow stress result
in immediate necking for yield stress levels above 700 MPa.
Contrary to previous understanding, the higher yield stress
and small increase in hardening at low strains result in
higher maximum flow stresses in alloys irradiated to high
dpa levels. Researchers are analyzing the strain-hardening
database with a model based on dislocation-dynamics.

Work has continued on the mechanical properties and
a microstructure database for NFAs, adding information
from 93 papers. Current efforts focus on developing a
deformation mechanism map and a dislocation dynamics-
based constitutive model. Analysis of the database clearly
demonstrates the superior strength of NFAs over a wide
range of temperatures. As seen in Figure 2, the data also
show the critical contribution of yttrium (Y) and titanium
(Ti) towards high-temperature strength.

Processing and Alloy Stability Modeling
Database for TMS and NFA. Researchers mechanically
alloyed Fe-14Cr-3W-0.4Ti-0.3Y203 and successfully
consolidated two samples at 1,000°C and 1,150°C using
hot isostatic pressing (HIP). They characterized the alloys’
microstructure and mechanical properties using optical
microscopy, transmission electron microscopy (TEM),
density measurement, hardness, and fracture toughness
tests. The alloys are essentially pore-free, have nearly
100 percent theoretical density, and exhibit a bimodal
distribution of fine and coarse ferrite grains. While
microhardness decreases with increasing HIP temperature,
researchers observed similar fracture toughness/
temperature behavior for both processing conditions.
Small-angle neutron scattering (SANS) measurements
confirmed the presence of nanoscale features.

Researchers also conducted extensive microstructure
analysis and mechanical property testing of MA957 (aged
for 3,000 hours at 900°C to 1,000°C) using a variety of
techniques: optical metalography, TEM, SANS, electron-
probe microanalysis, scanning electron microscopy
(SEM), electron backscattering diffraction (EBSD), and
microhardness. As shown in Figure 3, the ferrite grains,
dislocations, and nanofeatures are all stable at 900°C. The
nanofeatures coarsen slightly at 950°C, showing additional
growth and a significant increase in porosity at 1,000°C.
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The room temperature microhardness is essentially
unchanged at all temperatures. This research was reported
at the 8" International Workshop on Spallation Materials
Technology and will be submitted for publication.

One of the most significant issues facing the
development of NFAs is understanding the character
and consequences of the nanofeatures, especially at the
smallest sizes. Results of extended X-ray absorption fine
structure (EXAFS) studies using the Advanced Photon
Source at Argonne National Laboratory will be reported in
the near future.

Other Activities. Researchers prepared two specimen
capsules for the two-year STIP-V irradiation in the
SINQ target at the Paul Sherrer Institute in Switzerland.
The goal is to characterize the transport, fate, and
consequences of helium combined with varying levels of
irradiation hardening in advanced alloys. The capsules will
experience peak doses of approximately 20 dpa at helium
levels up to 1,000 appm. However, controlling specimen
temperature presents a major challenge due to very high,
variable beam heating. The capsules were specifically
designed to mitigate the consequences based on the
following principles:

1) Provide specimen heat transfer paths with circular
symmetry

2) Minimize interfaces between the sample and capsule
wall

3) Use press fit contacts between specimen and capsule
wall to minimize thermal resistance uncertainties

4) Use a variable “gear” like pattern to control the overall
contact resistance

5) Perform detailed 3-D ABAQUS finite element (FEM)
thermal analyses to optimize the design and quantify
temperature distributions, accounting for thermal
expansion

6) Reduce minimum design temperature to avoid
annealing during higher heating rates

Researchers conducted a preliminary post-irradiation
examination from a novel in-situ experiment for MA957
NFA specimens implanted with 400 appm helium at 500°C
and irradiated to 10 dpa at the ORNL High Flux Isotope
Reactor (HFIR). The experiments used existing test reactor
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irradiations to simulate the high helium levels that are
pertinent to fusion and accelerator-based nuclear systems.
The results clearly show that helium is trapped in MA957
within a very high density of tiny bubbles at the nm-scale
precipitates. In contrast, a companion experiment on a
9Cr TMS alloy (Eurofer 97) irradiated to the same helium
and dpa levels showed much larger bubbles, primarily on
dislocations. These studies offer proof-in-principle of the
management of high helium levels by trapping in nm-
scale NFA features; preliminary results were presented at
a conference and have been submitted for publication.
The team is continuing to evaluate a large matrix of alloys
under a wide range of conditions.

Researchers have begun developing a hew non-
destructive technique for measuring constitutive properties.
Combined analysis of the load-displacement curves and
the pile-up geometry (measured by confocal microscopy) is
used in an iterative process to determine yield-stresses and
strain-hardening rates based on extensive FEM simulations.
Applying this technique to a range of materials (e.g.,
simple ferritic model alloys, low-alloy steels, TMS, and
NFA) provides yield stress values within about 5 percent
of measurements. Researchers will use this method to
efficiently measure the constitutive properties of alloys over
a wide range of temperatures.

Planned Activities

Over the next fiscal year, researchers will continue
updating TMS and NFA databases, emphasizing
microstructural characterization. They will use the
databases to build physically based constitutive and
fracture toughness models, including irradiation effects.
They will use Kocks-Mecking type dislocation dynamics
evolution models, combined with hardening superposition
laws, to analyze unirradiated and irradiated stress-strain
curves.

Researchers will construct a deformation mechanism
map for NFA based on the updated tensile and creep
database and will conduct low- and high-temperature
deformation tests for further model development. These
experiments will include large deformation and strain
mapping characterization experiments analyzed with
FEM simulations to derive self-consistent constitutive and
plasticity laws.
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Researchers will also continue characterizing the
nanofeatures of existing and commercial NFAs, along with
new model alloys being developed. The goal is to resolve
issues of uniformity and grain size distribution using a suite
of advanced methods: TEM, SANS, EXAFS, and three-
dimensional atom probe tomography (APT). In addition,
they will develop an alloy stability database from long-term
aging experiments of MA957 and other NFAs aged for
10,000 hours at 800-1,000°C and TMS alloys (including
T91, HT-9, Eurofer 97, and F82H) aged for 8,000 hours
at 550-700°C. They will conduct interim examinations
of microstructural and mechanical property changes in
3,000 hour increments. Finally, they will continue post-
irradiation examination of HFIR-irradiated TMS and NFA
materials (including He-implanted MA957) over a range of
temperatures, dpa, and helium levels.
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Development and Analysis of Advanced High-Temperature Technology for
Nuclear Heat Transport and Power Conversion

PI: Per F. Peterson, University of California at
Berkeley (UCB)

Collaborators: Oak Ridge National Laboratory
(ORNL), Sandia National Laboratories (SNL)

Project Number: 05-079
Project Start Date: April 2005

Project End Date: April 2008

Research Obijectives

This project is studying advanced high-temperature
heat transport and power conversion technology in support
of the Nuclear Hydrogen Initiative and Generation IV.
Researchers will focus on the fundamental and applied
problems associated with high-temperature heat transport
using different gases (e.g., helium) and liquids (e.g., clean
liquid salts).

The project makes contributions in four areas:

1) Design options for the 50 MW(t) Next Generation
Nuclear Plant (NGNP) intermediate heat exchanger
(IHX) system, exploring the major tradeoffs among
high-pressure helium, intermediate-pressure helium,
and liquid salt (LS) as heat transport fluids for
hydrogen production.

2) Scaled integral experiments to study high-temperature
heat transport, heat exchange, and fluid mechanics
with simulant fluids for liquid salts to generate
experimental data for model development and code
verification.

3) Multiple-reheat helium Brayton power conversion
studies to evaluate its suitability for liquid-cooled, high-
temperature systems such as the modular lead-cooled
fast reactor (LFR), advanced liquid-salt-cooled very
high-temperature reactor (LS-VHTR), and the molten
salt reactor (MSR). Brayton cycles are expected to
increase efficiency 5 to 10 percent and roughly double
the power density.

4) Advanced high-temperature reactor (AHTR) design
analysis to extend initial design studies of the LS-
cooled AHTR as a potential high-temperature heat
source for electricity and power production. Figure 1
compares the liquid-salt-cooled AHTR with the gas-
cooled Pebble Bed Modula Reactor (PBMR).

I

777

Figure 1. Scaled comparison of the 2,400 MW(t)
AHTR-MI and the 400 MW(t) PBMR reactors.
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The tri-isotropic (TRISO) coated fuel used in the AHTR-MI
has large thermal inertia, as in gas-cooled reactors, but
this design also derives additional thermal inertia from the
high volumetric heat capacity of its primary salt coolant
and from the effective natural-circulation heat transfer
attributed to a larger mass in a buffer-salt tank.

Effective natural circulation allows the AHTR-MI to
use a cylindrical core geometry and higher power density
(10.2 MW/m?3), compared to the 6.6 MW/m? limitation of
the annular core geometry required for passively cooled
HTGRs. This largely increases power output, as shown
by the scaled comparison in Figure 1 contrasting the 400
MW(t) PBMR reactor vessel and the 2,400 MW(t) pebble-
bed AHTR.
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Figure 2. Elevation view of the AHTR-MI.

Besides implementing the major design evolution
for a closed primary loop and separate buffer salt tank,
researchers developed preliminary designs for all major
primary loop components. They also developed refueling
methods for both the prismatic and pebble fuel versions,
along with the third stringer fuel option. Neutronics
analysis performed on the pebble bed version provided
information on temperature reactivity coefficients and
discharge burnup. The team developed a preliminary
Phenomena Identification and Ranking Table (PIRT) and
RELAP-5 model for the loss of forced cooling transient
(LOFC). As seen in Figure 3, the very large thermal inertia
and effective mixing in the AHTR-MI gives rise to a very
small temperature increase during LOFC.
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Figure 3. RELAP-5 simulation of transient response of
AHTR-MI to LOFC.

In addition to design and simulation work, the
team built and operated two scaled thermal hydraulics
experiments. The Scaled High-Temperature Heat Transfer
Experiment (S-HT2) used heat transfer oil to match
non-dimensional parameters — Reynolds Number (Re),
Froude Number (Fr), Prandtl Number (Pr), and Grashof
Number (Gr) — for liquid salt to study upward heated
mixed convection flow. Similarly, the integrated pebble
recirculation experiment, PREX-1, shown in Figure 4, used
water to match Re, Fr, and the pebble-to-salt density
ratio, and provided the first integrated demonstration of
the viability of all aspects of pebble injection, pebble bed
dynamics, and pebble extraction for the AHTR-MI. Because
pebbles have a small positive buoyancy in the liquid salt,
they float and are removed from defueling chutes located
in the top reflector of the reactor.

Planned Activities

Researchers are on track for completing the full work
scope of this NERI project. Work during the coming
year will include PIRT development and design analysis,
including transient analysis, for the NGNP IHX, with related
experiments. Further design work will also be performed
on the AHTR-MI design, including neutronics analysis to
determine the maximum achievable depletion with pebble
fuels, and RELAP-5 transient analysis of the loss of forced
circulation (LOFC) and other accidents. PREX-1 and S-HT2
experiments will also be conducted.

NERI — 2006 Annual Report

Figure 4 The Pebble Recirculation Experiment (PREX-
1).
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Development of Risk-Based and Technology-Independent Safety Criteria for
Generation IV Systems

PI: William E. Kastenberg, University of
California at Berkeley (UC Berkeley)

Collaborators: None

Project Number: 05-080
Project Start Date: March 2005

Project End Date: February 2008

Research Objectives

The objective of this project is to develop quantitative
safety goals for Generation IV nuclear energy systems.
These safety goals will be risk based and technology
independent. Researchers will develop a new operational
definition of risk. They will also lay the foundation for
a new approach to risk analysis that will 1) quantify
performance measures, 2) characterize uncertainty, and
3) address a more comprehensive view of safety as it
relates to the overall system.

Safety criteria are necessary for managing risk
prudently and cost effectively. Results of this study will
prove valuable to those government agencies charged
with assuring the health and safety of the public as they
manage, review, and approve these advanced reactor
designs.

Research Progress

During the past fiscal year, researchers focused on
three of the top-level Generation IV goals: 1) cost/benefit
analysis of sustainable nuclear fuel cycles, 2) physical
protection, and 3) optimum deployment of future nuclear
energy systems. Following is a synopsis of progress made
under each of these areas.

Cost/Benefit Analysis of Sustainable Nuclear Fuel
Cycles. In this work, researchers are conducting cost/
benefit analyses of various sustainable nuclear fuel cycles.
The approach is derived from the axioms of sustainability
as laid out by Chichilnisky and Heal. They are addressing a
primary barrier to sustainability in nuclear fuel cycles, i.e.,
waste disposal. The team will model the consumption of
waste disposal space at a facility, such as Yucca Mountain,
using the Chichilnisky criterion. This criterion departs

from the conventional utilitarian approach by including

an undiscounted long-run average utility in the objective
function. With this approach, it is also possible to include
utility from consumption as well as conservation of stock
for the future. Therefore, it is possible to rank various fuel
cycles according to sustainability.

Physical Protection. This project examines the
question of how to optimize the allocation of limited
physical protection resources at a nuclear power plant.
Ongoing work at UC Berkeley has shown that traditional
risk analysis techniques can misallocate defense resources
when compared to game theory methods that model
the interaction between strategic actors, e.g., the plant
defender and a terrorist group.

In this project, researchers will use probabilistic risk
analysis techniques to model the response of a nuclear
facility and physical protection system to an initiating event
caused by a strategic adversary. They will also apply a
game theory approach to model the interaction between
two strategic actors, identifying equilibrium strategies
for both of them. Based on this model, researchers will
employ nonlinear mathematical programming techniques
to find the optimal allocation of resources for physical
protection.

Optimum Deployment of Future Nuclear Energy
Systems. Researchers are modeling the substitution
of nuclear energy systems within the nuclear energy
enterprise to find optimal deployment paths for future
systems. The goal is to balance sustainability, waste
minimization, proliferation resistance, and economics of a
design with systemic constraints, such as energy demand,
repository limits, and uranium/plutonium resources.
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Researchers developed a simple physical model to
consider two archetypical nuclear energy systems: 1) a
light water reactor with an open fuel cycle and 2) a fast
breeder reactor with a closed fuel cycle. They will track a
limited number of materials through their corresponding
fuel cycles using a multi-objective and multi-period
mathematical programming model to describe the decision-
making process over time. The researchers defined simple
metrics as proxies for the various risks posed by a system
and will employ a multi-attribute utility function to resolve
the tradeoffs among these risks. The optimal solutions
that maximize utility under the constraints will identify the
number and type of reactors that should be deployed over
time.

Researchers will perform an adjoint sensitivity analysis
around the optimum solutions. This will identify the
parameters that heavily influence the optimal deployment
path. An important element of the planning process is to
reduce uncertainties in these parameters. Techniques for
finding the space of efficient solutions could be applied
to find robust deployment strategies and reduce the
dependence on a multi-attribute utility function.
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Planned Activities

Researchers plan to accomplish the following activities
during the next year:

e Complete a trial set of quantitative safety goals,
considering:
¢ Risk to the general public

¢ Nuclear Regulatory Commission safety goals for
commercial reactors

¢ Department of Energy safety goals for defense
facilities

¢ Safety goals for other hazardous industries

¢ Radioactive exposure information

e Formulate risk in absolute, incremental, and relative
terms

e Develop a licensing strategy for Generation IV systems

e Create an operational definition of risk, based on recent
advances in network theory, which accounts for the
complexity, uncertainty, and ambiguity of Generation IV
systems

e Create a nodal model for a nuclear energy system
and numerically simulate loss of bulk materials,
particulate and gaseous release, and waste materials to
characterize risk

e Apply the safety goals and risk definition to a gas-
cooled thermal reactor and a liquid-metal-cooled fast
burner reactor
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Development of Modeling Capabilities for the Analysis of Supercritical
Water-Cooled Reactor Thermal-Hydraulics and Dynamics

PI: Michael Z. Podowski, Rensselaer Polytechnic
Institute

Collaborators: The Royal Institute of Technology
(KTH), Sweden

Project Number: 05-086
Project Start Date: March 2005

Project End Date: March 2008

Research Objectives

This project will develop an experimental database
for heat transfer in tubes and channels cooled by water
at supercritical pressures. Researchers will design
mechanistic models of local turbulence-driven heat
transfer in forced-convection flows of supercritical fluids
experiencing strong variations of physical properties.
The fluids under consideration include water and carbon
dioxide (CO,). The proposed models will be consistent with
current computational capabilities of reactor system codes.
They will include a mechanistic approach to detailed flow
and heat transfer phenomena and new non-dimensional
correlations based on sound physical concepts applicable to
supercritical water-cooled reactors (SCWRs) over a well-
defined range of conditions.

Researchers will implement the new models in the
NPHASE computational fluid dynamics (CFD) computer
code and conduct testing and validation against
experimental data. They will apply the models to
demonstrate the applicability of the new models to SCWR
thermal-hydraulics based on both system codes and CFD
codes. Finally, they will perform numerical simulations of
supercritical water system dynamics based on the NPHASE
code. The purpose of these simulations is to investigate
flow and heat transfer conditions during 1) transients
associated with power and flow variations, 2) system
depressurization from supercritical to subcritical pressure,
and 3) transition from forced to free convection.

Research Progress

Supercritical Water Test Loop (SCWTL).
Researchers are reassembling the test loop at its new
location (Royal Institute of Technology). Initial tests
include checking individual loop components and

developing a strategy for future tests with “cold”
supercritical water flowing through 6-8 mm ID tubing.
They will be followed by runs in which the tubing is
gradually heated until it passes the pseudo-critical point
(the pipe temperature limit is 600°C). Researchers will
measure the pipe temperature distribution and pressure
drop during all runs.

Computational Models of Supercritical Fluid
Properties. The team has almost completed developing
new models for all major properties of water (i.e., density,
viscosity, specific heat, thermal conductivity, and Prandtl
number) as a function of temperature and pressure, for
pressures varying between 23.5 and 25 MPa. The new
models have been converted into non-dimensional form
based on the ratios of actual-to-critical pressure and actual-
to-critical temperature (using the absolute temperature
scale). In parallel, similar models are under way for
carbon dioxide (CO,). The new models are being validated
for fixed pressures, then the effect of pressure will be
accounted for as an independent variable in a manner
similar to the model of water properties at supercritical
pressure.

Correlations and Scalable Models of Coolant Flow
and Heat Transfer. Researchers will use these models in
the thermal-hydraulic and safety analyses of SCWRs. The
main focus has been the effect of turbulence modeling on
flow and heat transfer in supercritical fluids. Researchers
have analyzed two models of turbulence: 1) high-Reynolds
number k-e and 2) low-Reynolds number k-e. Also, they
have investigated effects of variable fluid properties on the
turbulent viscosity and turbulent thermal conductivity.

Future plans include modifying the existing local models
of turbulence by explicitly including the effects of, first,
variable density and, next, variable specific heat.
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Figure 1. Heated channel geometry and contour plots of various parameters of water at 25 MPa.

Multidimensional CFD Simulation using NPHASE.
The team has conducted testing and validation of the
proposed multi-dimensional model of flow of heat transfer
for both supercritical water and CO, as coolants. Typical
results are shown in Figures 1 and 2. The overall results
are numerically consistent and in reasonable agreement
with experiments. Analysis of observed differences
between the predictions and data has already provided
useful insight into the critical modeling issues.

Planned Activities

Following is a synopsis of the tasks the team plans to
conduct over the next period:

Complete the experiments at the SCWTL facility and
use the results of measurements to develop a database
for future predictions of flow and heat transfer in water
at supercritical pressures

Complete the development of new mechanistic
multi-dimensional models of turbulence and forced

convection heat transfer for both water and CO, at
supercritical pressures

Encode the new models in the NPHASE code and
perform model testing and validation for both water
and CO, using experimental data

Use the NPHASE code to perform numerical simulations
of supercritical water systems corresponding to the
anticipated designs of SCWR

Develop scalable correlations and simple models for
application in system codes

Team members expect to participate in related
international collaborations (I-NERI) with Sweden and
the Republic of Korea, and possibly Canada and France.
Topics for the proposed collaboration include 1) reviewing
and analyzing experimental data for supercritical CO,,
2) cross-comparing computer simulations for selected
operational conditions, 3) developing improved turbulence
models for supercritical fluids, 4) sharing results of SCWTL
experiments, and 5) identifying simulation benchmark
problems.
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Figure 2. Radial plots at two axial locations along a 4 m heated channel at 25 MPa.
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Novel Processing of Unique Ceramic-Based Nuclear Materials and Fuels

PI: Hui Zhang, State University of New York at
Stony Brook

Collaborators: Brookhaven National Laboratory,
Oklahoma State University (OSU)

Project Number: 05-110
Project Start Date: April 2005

Project End Date: April 2008

Research Obijectives

The primary objective of this project is to develop
high-temperature refractory ceramic materials for the fuel,
in-core components, and control elements of Gas-Cooled
Fast Reactors (GFRs). Refractory-based ceramics such as
carbides, borides, and nitrides display a number of unique
properties, including extremely high melting points, high
hardness, high thermal and electrical conductivity, and
solid-state phase stability. These unique properties make
them potential candidates for a variety of high-temperature
nuclear reactor components.

In this research effort, the team will demonstrate the
feasibility of a novel process for fabricating mixed-carbide
refractory composite materials based upon pyrolysis of
a mixture of preceramic polymers and submicron/nano-
sized metal particles of uranium, zirconium, niobium, and
hafnium. It will be carried out in a conventional oven
under an inert atmosphere. This processing technique
involves much lower energy requirements compared to
hot isostatic sintering. It also provides the capability of
fabricating net-shaped components and does not suffer
from component size limitations, as does the chemical
vapor deposition method.

This project will establish manufacturing processes for
fabricating a variety of unique high-temperature ceramic
materials and fuels, including metal ceramic carbides,
mixed metal carbides, and unique metal silicon-carbides.
The resulting materials can be graded and will have a
controlled microstructure (at both micron and nano levels),
fiber-reinforced configurations, and a wide range of
compositional control.

Research Progress

The research activities are broken into three primary
tasks: 1) materials processing, 2) process modeling, and
3) nuclear transport. Each of these tasks is described
below.

Material Processing. During FY 2006, the team
focused on two primary aspects of the materials processing
task: 1) generation of kinetics data and structure-property
relationships for precursor-derived silicon carbide (SiC) and
2) fabrication of silicon carbide — uranium carbide (UC)
materials for nuclear fuel applications. They conducted
a detailed characterization of precursor-derived silicon
carbide using X-ray diffraction (XRD), transmission electron
microscopy (TEM), infrared spectroscopy (FTIR), and
nanoindentation. They observed that the parent silicon
carbide matrix exhibits a nano-crystalline microstructure
with super-hardness and high modulus. The highest
hardness and modulus values, 67 and 450 GPa respectively,
were obtained for material processed to 1,400°C, with a
crystallite size of about 3.6 nm. Figure 1 shows a typical
TEM micrograph and a selected area electron diffraction
(SAED) for nanocrystalline SiC.

Researchers have fabricated the following ceramic
composite pellets, incorporating uranium compounds into
four different silicon-carbide matrices: U,0,-SiC, UO,-
SiC, UC-SiC and U-SiC. All materials were fabricated into
cylindrical pellets using a novel processing technique
based on polymer infiltration and pyrolysis (PIP). In all
cases, the initial starting composition was controlled to
result in a final uranium density of 5 g/cc, as identified
by previously reported burn-up calculations. Material
fabrication using uranium powder involved hydriding a
uranium block to generate flakes that could be easily ball-
milled into the liquid polymer precursor. Similar schemes
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Figure 1. (a) TEM micrograph for SiC processed at 1,650°C, SAED
pattern showing rings and specks. (b) Stacking faults.

have been used to generate both uranium and plutonium
powders in the past by other researchers. This procedure
leads to in-situ reactions between the polymer precursor
and the uranium powder to form a U-Si-C ceramic. The
fabricated plugs are characterized to quantify density,
porosity, and mechanical properties as a function of
processing temperature and infiltration cycles. Typical open
porosities were determined to be about two percent after
eight reinfiltration cycles. Figure 2 shows a typical SEM
micrograph of the U,0,-SiC material.

Figure 2. Uranium ceramic composite after eight reinfiltration cycles.
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In the latter half of FY 2006, the project underwent
an organizational change and the materials fabrication
facilities were transferred to OSU. The team acquired new
equipment with university funds to enable the fabrication
of materials at ultra-high temperatures, while minimizing
oxidation issues that had occurred with the original
equipment.

Process Modeling. For this task, researchers
developed a macroscale global model that describes
polymer pyrolysis and uranium/hafnium/zirconium ceramic
material processing. The model includes heat transfer,
polymer pyrolysis, silicon carbide crystallization, chemical
reactions, and species transport of a porous mixture of
preceramic polymer and filler particles such as uranium
oxide. The model is capable of accurately predicting the
polymer pyrolysis and chemical reactions of the source
material and the effects of transport processes such as
heat-up, polymer decomposition, and volatiles escape.

In addition, the model can obtain the yields of multiple
components. The model is capable of simulating pyrolysis
and sintering of a sample with any geometry according

to fuel pellet design requirements. The team has also
investigated the effects of heating rate, particle size, and
volume ratio of metal and polymer on reaction rates.

In addition, the group developed a microscale local
model based on the smoothed particle hydrodynamics
(SPH) method. The microscale model applies to repetitive
units in the macroscopic global model and describes
transport phenomena in a micro-unit, e.g., reaction rates,
heat and mass transfer, and composition changes of
different components. Thermal boundary conditions are
from the macroscopic global model. The microscopic local
model (Figure 3) considers shrinkage and bulk translational
motion of the filler particles. The model is used to study
the effects of filler particle materials, sizes, concentrations,
and distributions on the microstructures and material
properties of the final product.

Nuclear Transport: Material Composition and
Fuel Configuration. The researchers have developed
a simplified model for a fuel pin (271 per fuel element)
and its associated coolant volume. The maximum pin
temperature is estimated assuming the implied power
density (400 watts/cc) and standard values for material
conductivities as a function of coolant velocity. The
pressure drop across the core can then be estimated for
each value of coolant velocity. Although these estimates
are approximate at this stage, they are sufficiently accurate
to indicate whether or not it is necessary to re-configure
the core.
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Figure 3. Microstructure evolution of filler particles in the baseline case. The black solid circle, grey solid circle, black hollow circle, and black triangle

represent SiC, U.O
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UQO,, and UC, respectively.

In order to determine the proper coolant velocity,
researchers performed a more detailed analysis of the core
using the Monte Carlo code MCNP. In this analysis, they
determined heat generated in individual pins. Using this
information, they assembled a computer-drafted version of
the core using Star Design, which forms input for use in the
commercial computatinal fluid dynamics (CFD) code STAR
CCM+. Currently, they are gaining familiarity with the CFD
code and its limitations. The team is also using parameters
from previous and current MCNP calculations to estimate
the temperature distributions in the core. Using this CFD
code provides them with better insight into the benefit of
increasing the clad surface roughening and by how much
the roughening should be increased. In addition, they are
investigating the type of surface roughening. This study
is based on previous work carried out in connection with
the gas-cooled fast breeder reactor (GCFBR). In this task,
the team determined that increased surface roughening
would increase heat transfer coefficient. However, the core
pressure drop also increased simultaneously.

Planned Activities

For the material fabrication tasks, the team will
continue to focus on fabricating carbide and silicon-carbide
composite plugs for uranium, hafnium, zirconium, and
niobium as various fuel and in-core materials. Additionally,
they will generate reaction kinetics data for the polymer
precursor containing uranium, hafnium, and other materials
that are of interest in this investigation.

For the process modeling tasks, the team will investigate
mesoscale uncertainties and stochastic characteristics of
macroscale permeability. They will further improve the
integration of microscopic local and macroscopic global
models and use this model to optimize the material
fabrication process.

Researchers must determine core coolant operating
parameters—such as maximum allowed pressure drop,
velocity, and temperature—and examine the core intake
and outlet design to eliminate hotspots. Although the
power density of the current core has been reduced
approximately 50 percent, cooling requirements and
pressure drop will have to be optimized.

Establishing a thorough understanding of various
geometry effects on core temperature and coolant flow
rate is important to evaluate both operating costs and
the potential for use within a thermo-chemical hydrogen
production cycle.
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Real-Time Corrosion Monitoring in Lead and Lead-Bismuth Systems

PI: James Stubbins, University of Illinois at
Urbana-Champaign

Collaborators: Los Alamos National Laboratory,
Lawrence Livermore National Laboratory

Project Number: 05-114
Project Start Date: April 2005

Project End Date: March 2008

Research Objectives

The primary focus of this project is to address major
corrosion issues associated with using lead (Pb) and lead-
bismuth (Pb-Bi) liquid metals as working fluids in advanced
nuclear systems. The approach to mitigate corrosion is to
develop a persistent oxide film on the surface of internal
structural components. The researchers will study material
alloying and surface treatment approaches to form these
protective films. If properly formed and maintained, the
films can provide a useful barrier to inhibit the corrosive
attack of liquid metal.

A central objective of this project is to further develop
impedance spectroscopy (IS) for characterizing and
monitoring corrosion in liquid metal systems. The
researchers will use IS corrosion monitoring techniques to
measure the kinetics and thermodynamics of the formation
of oxide films on reactor structural materials. Use of
this advanced real-time corrosion monitoring method to
study scale formation on selected alloys will support the
development of new corrosion-resistant alloy compositions
and surface treatment techniques. Because the IS
technology can measure oxide film formation in real time
and is sufficiently compact, it can be deployed at numerous
locations in an operating system to directly monitor local
corrosion processes.

This project was designed to accomplish three major
goals:

1) Develop the IS technique for lead and lead-bismuth
systems

2) Use enhanced IS techniques to measure the kinetics
of oxide scale formation for a variety of materials
and oxygen pressures at temperatures ranging from
400-700°C

3) Develop improved surface treatments and alloy
compositions for enhanced corrosion resistance

Research Progress

Researchers have performed a number of IS scans
during this year. The impedance responses were obtained
by periodically scanning each sample over a range of
signal frequencies from 100 kHz to 100 mHz. Figure 1
shows the impedance response of a typical sample of 316
stainless steel that was preoxidized for 48 hours. Part (a)
is a complex plane plot, commonly called a Nyquist plot,
which shows the imaginary impedance (reactance) versus
real impedance (resistance). What is plotted is actually
the negative of the imaginary impedance, since only
capacitance, not inductance, is important for this project.
Parts (b) and (c) are Bode plots, showing the magnitude
and phase angle, respectively, of the impedance versus
signal frequency. Parts (a) through (c) present the same
data in various formats, and the curves are, therefore,
color-coded for easy comparison. Plotting impedance
responses at several different times, spanning an exposure
period of nearly 10 days, provides an indication of how
the duration of sample immersion affects its impedance
response. The different curves in Parts (a) through (c)
represent impedance scans at successive times, beginning
with red and moving toward blue, with a varying time
difference between curves. Part (d) shows the impedance
at a single frequency—in this case, 1 Hz—plotted as a
function of time. This provides a better picture of the
effect of sample immersion time. The ability to collect
“real-time” corrosion information is apparent. Researchers
conducted extensive additional tests, all with similar time-
dependent results.
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Figure 1. IS results for a single preoxidized sample of 316SS in LBE at 200°C: (a) Nyquist Plot, (b) Bode impedance magnitude plot, (c) Bode
impedance phase angle plot, and (d) Real impedance versus corrosion time plot.

As can be seen from the Bode phase plot, (c) the
impedance at low frequencies is almost pure resistance.
The Bode magnitude plot, (b) shows that resistance
is nearly constant in the low-frequency region. In
other words, the DC resistance and the low-frequency
impedance are practically the same (especially at overall
low impedance magnitudes). Since the highest impedance
occurs at low frequencies, plotting the low-frequency
impedance as a function of time shows how the overall
response changes with time.

Part (d) shows that a sample typically has very low

impedance when first immersed in the Pb-Bi eutectic (LBE).

This condition occurs despite the fact that the sample is
preoxidized and is, therefore, completely covered with

an adherent oxide layer. Another feature of the time-
dependence of the impedance response is that the rate of
increase of the impedance is not constant but can vary. In
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Part (d), a fit to the data after the initial jump shows that
the impedance has a parabolic dependence on time. Other
samples do not show such a parabolic relationship and may
increase linearly or in some other manner. Even within a
single sample, the rate can spontaneously change for no
apparent reason. More work needs to further characterize
these rates, especially at longer immersion times.

The responses also resembled those simulated from a
Randles equivalent-circuit model of the physical system,
which can be used to fit the experimental results. At
overall large impedance magnitudes, however, the fit of
the Randles model worsens, indicating that other, unknown
electrochemical and physical processes may be taking
place. Experimental investigation and corresponding model
development may lead to fruitful scientific understanding of
oxidation processes.
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Planned Activities Successful completion of these activities will provide

a strong base of confidence in the subsequent efforts to
develop new IS probes; to characterize and analyze the IS
responses of various materials; and to develop new alloys,
surface treatments, and coatings to mitigate liquid-metal
dissolution corrosion.

Over the next fiscal year, the team plans to continue
work on three research efforts: 1) verification and
extension of a point defect model to liquid LBE corrosion,
2) experimental verification that heating and quenching
the incoming gas can work around the kinetic limitations
of oxygen control by gas dynamic equilibrium, and 3)
experimentation to quantitatively determine the effect of
mechanical integrity defects on the impedance response of
oxide layers.
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NUCLEAR ENERGY-RESEARCH INITIATIVE

The Effect of Hydrogen and Helium on Irradiation Performance
of Iron and Ferritic Alloys

PI: James Stubbins, University of Illinois at
Urbana-Champaign

Collaborators: Los Alamos National Laboratory;
Lawrence Livermore National Laboratory;
Argonne National Laboratory; University of
Michigan; Idaho State University; Washington
State University; Belgian Nuclear Research Centre
(SCK/CEN); Hokkaido University, Japan

Project Number: 05-116
Project Start Date: May 2005

Project End Date: April 2008

Research Objectives

The goals of this research project are to 1) develop a
fundamental understanding of irradiation-induced defects
on ferritic alloys and 2) understand the roles of hydrogen
and helium in damage evolution. Researchers will extend
this knowledge to increasingly complex iron alloy materials,
which are the prime choice for structural and component
applications in several advanced reactor and accelerator-
based system concepts. This class of alloy has relatively
high irradiation resistance and retains good structural
properties in temperatures ranging from 400 to 700°C.
However, the existing irradiation performance database
represents fast fission neutron spectra, as it was developed
for the fast breeder program.

This research will be applied to the development of
more radiation-resistant alloys through a combination of
experiments and modeling. The project will encompass
substantial new developments in experimental analysis
and high-speed computational modeling to simulate the
formation and evolution of defects in ferritic metals and
alloys during radiation exposure.

In this work, researchers will also focus on the influence
and possible synergistic effects of hydrogen and helium
during defect production, clustering, and extended
damage structures during irradiation. They will examine
the evolution of point defects and defect structures as a
function of radiation exposure, irradiation temperature,
and hydrogen/helium production in increasingly complex
materials. These materials range from the simplest single-
crystal iron, to polycrystalline iron and iron alloys, through
advanced ferritic/martensitic steels.

The work scope consists of the following two tasks:

1) Perform microstructural and microchemical analyses
for a set of irradiation exposure conditions using ion
irradiation to accurately control hydrogen and helium
levels and radiation dose (materials include single
crystal iron and increasingly complex binary, ternary,
and commercial alloy systems)

2) Perform large-scale molecular dynamics and kinetic
lattice Monte-Carlo simulations to understand the
effects of irradiation on material properties and
damage processes

Research Progress

The initial objective of the research was to conduct
and analyze proton and helium irradiation in single
crystal, body-centered cubic (BCC) iron and to extend the
work to iron-chromium (Fe-Cr) alloys. During the first
year, researchers completed both the proton and helium
irradiations of single crystal BCC iron. They analyzed
these specimens with positron annihilation spectroscopy
and transmission electron microscopy to understand
the effects of hydrogen and helium on the damage
microstructure. They also performed simulations emulating
the experimental conditions in order to follow the defect
evolution processes. Currently, the team is preparing
specimens of single crystal Fe-14Cr for ion irradiation in a
matrix similar to that used for the single crystal BCC iron
specimens.
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The researchers used LAMMPS, a large-scale molecular
dynamics code, to conduct cascade simulations with
the Fe-Cr potential. A new model developed at LLNL
generalizes many-body classical potentials for incorporating
complex formation energy curves in alloys. Researchers
used this model, which correctly predicts the order versus
segregation tendency in the Fe-Cr system, to carry out the
displacement cascade simulations.

Figure 1 shows preliminary results for cascades done in
pure iron and Fe-20%Cr, generated by a 25 keV primary
knock-on atom in crystal lattices at room temperature.
Compositions of interest lie in the range between 8 and 20
atomic-percent chromium, which was chosen because both
the atomistic model and experiments show precipitation
of the alpha-prime phase in alloys with approximately 12
atomic-percent chromium. More cascades need to be
done in order to examine the effect of Cr concentration
on the damage evolution in the early stages of damage.
Researchers will conduct analyses to identify the types and
concentration of the resulting point defects as well as to
characterize the effect of chromium on cluster development
and migration.
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Figure 1. Number of Frenkel pairs versus time for pure iron and Fe-
20%Cr.

During this period, the team continued examining the
mechanical properties behavior of Fe-Cr alloys. This work
included modeling the approach to plastic instability due to
the presence of second-phase and grain reorientation (i.e.,
texture development) during post-yield deformation. They
are using electron backscattered diffraction techniques to
understand the influence of grain structure reorientation
during deformation. The results will later be applied
to understanding the influence of irradiation at various
temperatures on the deformation dynamics in this class of
alloys.
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Planned Activities

During the next fiscal year, this project will focus on
the microstructural evolution caused by radiation damage
in iron alloys and conclude the work being performed on
single-crystal Fe.

The research in pure iron will continue on both the
experimental and computational sides, including additional
molecular dynamics and kinetic Monte Carlo modeling
of helium and hydrogen in BCC iron. To identify and
quantify defects, researchers will use transmission electron
microscopy and positron annihilation spectroscopy.

The work with Fe alloys will examine how the
alloying elements (i.e., chromium and carbon) affect the
microstructural evolution when the system is exposed to
proton irradiation and the presence of helium. Researchers
will use both experimental and computational techniques
and compare the results to that of pure iron to understand
the effects of the alloying elements.

To fully understand the effect of chromium on the damage
structure evolution, researchers will conduct irradiations on
the Fe-Cr single-crystal materials (Fe-14Cr and Fe-18Cr)
at two different temperatures—573 and 723 K. After
irradiation, they will analyze the samples using positron
annihilation spectroscopy (PAS) measurements, positron
annihilation lifetime spectroscopy (PALS), and transmission
electron microscopy (TEM).
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Alloys for 1,000°C Service in the Next Generation Nuclear Plant

PI. Gary S. Was, J. Wayne Jones, and Tresa
Pollock, University of Michigan

Collaborators: Special Metals, Inc., Idaho
National Laboratory (INL), Oak Ridge National
Laboratory (ORNL)

Project Number: 05-143
Project Start Date: January 2005

Project End Date: December 2007

Research Obijectives

The objective of this project is to define strategies for
improving alloys used for structural components in high-
temperature helium reactors, such as the intermediate heat
exchangers and primary-to-secondary piping. Specifically,
the project will investigate oxidation/carburization from
helium impurities, microstructural stability, and impact on
creep behavior at temperatures between 900 and 1,000°C.
The aim is to better understand the synergism among
these critical processes and to provide data for long-term
prediction of properties.

The design of the very high-temperature reactor
(VHTR) proposed for the Next Generation Nuclear
Plant project calls for outlet gas temperatures of up to
1,000°C. These are extremely challenging conditions for
operating the metallic components in the intermediate
heat exchanger and primary-to-secondary piping. Inconel
617, an advanced nickel-based alloy, has been identified
as a leading candidate for such applications. However, its
material properties in a high-temperature, impure helium
environment are not sufficiently understood to qualify this
alloy for service. Therefore, this study will also investigate
alloy and microstructure modifications needed to enhance
Inconel 617 properties.

Research Progress

Researchers have completed and validated the
controlled-purity helium flow system designed to provide
a target gas mixture using pre-mixed gas bottles and a
series of mass flow controllers. Sensitivity tests have been
conducted to ensure signal stability for testing over several
hundred hours. An initial set of tests was conducted at
1,000°C for 500 hours in a carbon monoxide (CO) environment
mixed with small amounts of carbon dioxide (CO,) ranging
from 0.092 to 0.380 percent.

Figure 1 is a plot of the square of weight change
of the samples versus time. A linear behavior on this
plot indicates parabolic kinetics and the slope gives the
parabolic rate constant. As is evident from the plot,
ideal parabolic behavior was not observed in any of the
gas compositions for a 500 hour exposure duration test.
Oxidation kinetics increases with increasing CO/CO, ratio.

Y 0.0003 ;
£ o T2-(CO/COZ) ratio of 1090 ®
~
o 000025 M T3-(CO/CO ) ratio of 600 i
&
= A T4-(COICO ) ratio of 263
C
5 0.0002 .
(@)]
%) 0.00015 |- 1
D o
2 0.0001 - 1
©
°

S 5107 ¢ -
> |
O
U) 0 _. LA L 1 1

100 200 300 400 500

Time (hr)

Figure 1. Plot of square of weight change vs. time for alloy 617 exposed
to He + CO/CO, mixtures for 500 hours at 1,000°C.

Figure 2 contains an SEM image and a set of X-ray maps
of a cross-section of the alloy 617 sample after exposure
to a CO/CO, ratio of 600 for 500 hours at 1,000°C. These
show that a surface oxide scale rich in chromium and
oxygen has formed. Finger-like internal precipitates of
Al,O, also formed as the internal oxidation product of
aluminum.

53



NERI — 2006 Annual Report

Aluminum

Sample exposed in T3

for 500 hrs, 1000 X

Chromium Oxygen

Figure 2. X-ray map of alloy 617 exposed to a CO/CO, ratio of 600 for
500 h at 1,000°C.

A major consideration in the screening studies is that
any new alloys must ultimately be subject to fabrication via
commercial hot working routes. Accordingly, researchers
have collaborated with Special Metals on the design of new
alloys, discussing in detail the constraints for processing
alloys into sheet form. It was established that the
company has conducted no prior investigations into the
alloy composition domain of interest for this program.

Calculations were conducted using the Thermocalc
code for the initial set of alloys in Table 1 (J1 — J5). These
alloys were melted, homogenized, and subjected to creep
experiments in compression at 1,000°C and 20 MPa.
Wrought 617 alloy was also subjected to creep under the
same conditions to establish a reference.
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Ni Cr Al C W | Re
J1-1 84 6.5 9.5
J1-2 | 72.95 12 3 1005 12
J1-3 | 82.95 6 3 1005 8
J1-4 | 76.95 6 3 1005/ 8 6
J1-5 | 79.95 6 3 1005 8 3

Table 1. Candidate alloys.

Figure 3 shows the results of creep experiments on
the alloys in Table 1. Note that the J1 alloy is stronger
than 617 due to the presence of y’ precipitates at the
test temperature. While these precipitates provide
substantial strengthening, they would be expected to be
morphologically unstable for long periods of exposure.
Therefore, researchers have focused to a greater degree
on alloys that do not contain these precipitates in the
temperature range of 900°C to 1,000°C; alloys J2 — 15 are
single phase at these temperatures. Although alloys J2 and
J4 have creep properties that are somewhat inferior to 617,
it is important to note that the microstructure and higher
order alloying additions are not optimized. Higher creep
resistance in the experimental alloys is associated with high
levels of tungsten (W) and rhenium (Re), with a particularly
strong effect of the former.
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Figure 3. Results of compression creep tests at 1,000°C and 20 MPa.



Planned Activities

The controlled He flow system will be used in a set of
exposure tests of alloy 617 at temperatures of 850, 900,
and 950°C in a He-CO-CO, environment with six different
CO/CO, ratios. This set of tests will provide information
on the role of CO/CQ, ratio and temperature on the
oxidation rate and the mode of degradation: oxidation or
carburization.

With the information from the first five alloys, an
additional six are currently under investigation. The new
set of alloys contains high levels of W and Re as well

NERI — 2006 Annual Report

as molybdenum and cobalt additions. These alloys are
currently being subjected to microstructural investigations
and to high-temperature mechanical screening tests.
Based on the outcome of the microstructural and
mechanical tests, researchers will select compositions for
two or three scale-up heats of 50 Ibs, to be fabricated at
Special Metals.

Researchers are completing a custom tensile creep
system designed for creep experiments in controlled He
at temperatures up to 1,000°C. Following exposure tests,
researchers will perform experiments on creep behavior.
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Heat Exchanger Studies for Supercritical CO, Power Conversion System

PI: Akira Tokuhiro, University of Missouri-Rolla
(UMR)

Collaborators: Argonne National Laboratory
(ANL)

Project Number: 05-146
Project Start Date: January 2005

Project End Date: December 2007

Research Obijectives

A gas turbine Brayton Cycle utilizing supercritical
carbon dioxide (CO,) working fluid is being considered
for some Generation IV nuclear energy systems. This
advanced power conversion technology is expected to
increase efficiency and significantly reduce plant cost, size,
and complexity. An added benefit is high-temperature
operation suitable for hydrogen cogeneration. While such
benefits derive from the unique thermo-physical properties
of supercritical carbon dioxide, these same properties
also present technical challenges for the design of a
regenerative heat exchanger.

To maximize the usefulness of the supercritical CO, (S-
CO,) power conversion system, researchers must design a
compact heat exchanger and develop its basic performance
data. The objectives of this project are to 1) establish
heat exchanger performance under design conditions, 2)
estimate performance for beyond design-basis accidents,
and 3) compare different heat exchanger design options.
The project will conduct the following activities:

e Design, construct, and operate an experimental facility
for performance testing of compact heat exchangers
for the supercritical CO, Brayton cycle recuperator/
cooler application

e Obtain heat transfer and pressure drop data to
evaluate performance of selected compact heat
exchanger designs (e.g., printed circuit heat exchanger
or PCHE)

e Develop fluid flow and heat transfer simulation models
and tools to support the evaluation of heat exchanger
designs

Research Progress

Researchers are testing two different compact heat-
exchangers designs using the new S-CO, loops at ANL:
1) a low-pressure S-CO,/water loop and 2) a low-pressure
S-CO,/high-pressure S-CO, loop. The objectives of the
tests are to:

e Check the performance of the heat exchanger unit
under design conditions, notably flow rate, pressure,
and temperature

e Estimate the performance beyond design-basis such
that the performance data can serve as a basis for
model development and design optimization

e Compare the performance of PCHE (and/or compact
heat exchange of similar design) to that of a reference
heat exchanger design (e.g., shell-and-tube, helical
coil, etc.)

A schematic of the low-pressure S-CO,/water loop
is shown in Figure 1 along with the solid model of the
apparatus in Figure 2. Figure 3 shows a schematic of the
high-and low-pressure S-CO,/S-CO, loop.

The initial series of CO,/water heat exchange tests
has proceeded as scheduled. However, after the pump
used to circulate CO, failed, researchers learned that all
component materials in contact with the supercritical CO,
must be carefully selected. Because the exact internal
heat exchanger flow configuration is proprietary, the
team reconfigured the test loop for water/water heat
exchange testing and friction factor measurements in order
to establish that the printed circuit flow pattern on the
primary and secondary sides was similar. They confirmed
a similar flow configuration, so heat transfer coefficients
at identical Reynolds numbers can be assumed similar for
CO,/water heat transfer tests.
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Because the loop requires fine control
to maintain supercritical conditions,
the researchers retrofit four resistance
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temperature detectors (RTDs) for
enhanced accuracy of the hot and

cold side differential temperatures and
installed a 25 kW tankless heater to
increase the attainable secondary side
temperature from 45°C to 90°C. Figure
4 shows the heat transfer coefficient
versus the average hot-side Reynolds
number.

Although Tests A and B were
both at 7.5 MPa, their outlet Prandtl
numbers are different. The team is

0-60 VAC
5000 A

L0 VAC 770 A

investigating why the heat transfer
coefficients are nearly the same.
Results from Tests A and C, conducted
at 7.5 and 8.5 MPa, respectively,
depict a relative increase in the

heat transfer coefficient near the
pseudocritical point with increasing

Figure 1. Schematic of the water/supercritical CO, test loop.

L 4

Figure 2. Front view of the water/supercritical CO, loop with the PCHE

shown in brown.
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pressure. An explanation of results
requires consideration of a number of factors, since small
changes in a variable such as temperature dramatically
affects the thermophysical state of S-CO,. Researchers
are extending data to 8.0, 9.0, and 9.3 MPa under various
temperatures surrounding the critical temperature.

Figure 5 shows a representative plot of the heat transfer
coefficient and specific heat at pressures of 7.5 MPa and
8.5 MPa. The heat transfer coefficient exhibits a striking
peak as bulk fluid reaches the critical temperature for the
corresponding pressure. Further, the peak heat transfer
coefficient at 7.5 MPa is slightly higher than that at 8.5
MPa—a trend observed from other studies, including single
tube investigations. There is evidence that two factors
influence the heat transfer parameters: 1) the zigzag flow
configuration of the PCHE and 2) the characteristic channel
diameter, depending on location of the pseudocritical
point in the heat exchanger. In order to investigate these
factors, researchers are developing a computational model
of the PCHE in layers using STAR-CD for comparison with
experimental data. They will also analytically calculate the
local heat transfer and temperature distribution.
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Figure 4. Average hot side heat transfer coefficient for cooler conditions.
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Figure 5. Heat transfer coefficient measured in the small temperature intervals.

Planned Activities
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Following is a summary of the planned activities.
Complete PCHE testing for CO,/water heat exchange.

Fabricate the high-pressure CO, loop. Adapt the SNAC
test loop for low-pressure CO,. Assemble the test
facility for CO,/CO, heat exchange by combining the
low-and high-pressure loops via the PCHE. Evaluate
PCHE or similar heat exchanger for procurement and
installation.

Conduct PCHE testing for CO,/CO, heat exchange,
simulating the low-temperature recuperator for the CO,
Brayton cycle (85°C to 150°C, at 74 bar primary side,
200 bar CO, on secondary side). Conduct performance
testing of modified PCHE for Brayton cycle low-
temperature recuperator conditions.

Assess test data for development of an improved

heat exchanger model for accurate sizing of the
recuperators and coolers. Model development for heat
transfer of supercritical fluids in small channels.

Evaluate results of PCHE (and/or equivalent)
performance testing and identify needs for improving
the supercritical CO, Brayton cycle application.

Develop an approach and tools to evaluate the
performance of compact heat exchanger designs using
computational fluid dynamics (CFD) and heat transfer
simulation, considering enhancement and modeling
schemes. Heat exchanger model development is
underway using a commercial CFD code and will be
completed during the final research year.
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Candidate Materials Evaluation for the Supercritical Water-Cooled Reactor

PI: Todd Allen, University of Wisconsin-Madison

Collaborators: University of Michigan

Project Number: 05-151
Project Start Date: March 2005

Project End Date: March 2008

Research Objectives

The supercritical water-cooled reactor (SCWR) system is
being evaluated as a Generation IV concept. This system
builds on currently proven light water technology by
providing higher thermal efficiency and plant simplification.
Supercritical water presents unique challenges to the long-
term performance of engineering materials. Therefore,
developing, testing, and selecting suitable materials for
cladding and internal components are central to designing
this reactor.

The objective of this project is to investigate
degradation of materials in the supercritical water
environment. First, researchers will study representative
alloys from the important classes of candidate materials
to analyze their corrosion and stress-corrosion cracking
resistance in supercritical water. This analysis will include
ferritic/martensitic (F/M) steels, austenitic stainless
steels, and Ni-based alloys. Corrosion and stress-
corrosion cracking (SCC) tests will be conducted at various
temperatures, exposure times, and water

Research Progress

Researchers conducted corrosion testing of the
candidate alloys, including F/M steels, austenitic steels,
and nickel-based alloys in both subcritical and supercritical
water at temperatures of 360°C, 500°C, and 600°C for
times to 1,026 hours. The effect of oxygen concentration
on the corrosion behavior was also investigated.
Researchers also applied surface modification and GBE
treatment on selected materials and investigated the
corrosion response.

Figure 1 compares the weight gain for most materials
tested over a range of temperatures. Weight gain due to
oxidation in supercritical water is typically smaller but less
predictable in austenitic stainless steels than in F/M steels.
Ni-based alloys show a fairly good corrosion resistance
in supercritical water environment and have the lowest
weight gain in all tested materials. Among the F/M steels,
9Cr oxide dispersion strengthened (ODS) shows the lowest
weight gain.

chemistries. Second, emerging plasma
surface modification and grain boundary
engineering (GBE) technologies will

be applied to modify the near surface
chemistry, microstructure, and stress-
state of the alloys prior to corrosion
testing. Third, researchers will examine
the effect of irradiation on corrosion and
stress-corrosion cracking of alloys in the
as-received and modified/engineered
conditions by irradiating samples using
high-energy protons and then exposing
them to supercritical water.
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Figure 1. Comparison of weight gain data for the candidate materials after exposure to
subcritical/supercritical water with different oxygen concentrations for ~333 hours.
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Figure 2. TEM image showing the morphology of the grains and grain
boundaries in the internal oxidation layer formed in the 9Cr ODS steel
after exposure to SCW at 500°C for 1,026 hours.

As shown in Figure 2, there is significant oxidation at the
grain boundaries in the internal oxidation zone of the ODS
steel, which researchers believe changes the mechanism
of the outward growth of the oxide scale. Furthermore,
yttrium segregated to the grain boundary area in the
internal oxidation layer may retard the diffusion of cations
and improve the corrosion properties in SCW.

For a sample surface modified by adding a layer of
yttrium, the cross sectional image in Figure 3 shows an
Y-rich, Y-Fe-O oxide layer formed on the Y-coated F/M steel
after exposure to SCW at 500°C. The yttrium-rich layer

Figure 3. SEM image showing the microstructure of the formed magnetite
layer in 9Cr ODS steel coated with a thin yttrium film after exposure to
SCW at 500°C for 667 hours.

separates the magnetite layer in two, each with different
microstructures. The existence of the Y-Fe-O layer
influenced the diffusion of cations and anions, significantly
improving on the corrosion resistance.

Austenitic alloy 800H showed low weight gain in
supercritical water; however, it also suffered the spallation
of its outer magnetite scale. One approach to solve the
spallation issue is GBE treatment. As shown in Figure 4,
the scale on the GBE-treated alloy 800H became compact
and continuous as compared to the scale on the control
sample. The grain boundary character distribution of

2 L

Figure 4. Effect of GBE treatment on the corrosion resistance of the austenitic alloy 800H after exposure to SCW at 500°C.
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the base metal was optimized with increase of fraction of
low-X coincidence site lattice boundaries, leading to the
improvement of oxide stability.

Researchers irradiated alloys 316L and 690 with 3 MeV
protons to a dose of 7 dpa at 400°C and 500°C. SCC
experiments were conducted under 25 MPa of pressure at
the same temperatures. The deaerated condition resulted
in a dissolved oxygen concentration below 10 ppb and
conductivity in the outlet water was maintained below 0.1
uS/cm for all tests. The specimens were strained at a
nominal rate of 3x107 s using a stepping motor.

The measure of the extent of cracking for all samples
tested is crack length per unit area, as shown in Figure 5.
At 400°C, the cracking susceptibility of 316L irradiated to 7

dpa is 1.1 times higher than that of an unirradiated sample.

The susceptibility of alloy 690 at 400°C increases 2.8
times. At 500°C, the increase of cracking with irradiation
is much greater. Irradiated alloy 316L had a crack length

per unit area six times greater than on its unirradiated side.

This difference was even higher for alloy 690, as a 7 dpa
irradiation increased the amount of cracking by a factor of
48.

The irradiated microstructure is dominated by small
(7 nm) faulted Frank loops at 400°C, larger Frank loops
(25 nm), and voids at 500°C. Irradiation hardening
is greater at 400°C than at 500°C, in agreement with
hardening produced from the microstructure according
to the dispersed barrier-hardening model. Irradiation
hardening is greater in 316L than alloy 690 at both
temperatures. Irradiation results in grain boundary
chromium and iron depletion and nickel enrichment, with
the extent of segregation increased with dose. Radiation-
induced segregation (RIS) is slightly greater at 500°C
than at 400°C. However, neither RIS nor hardening can
satisfactorily account for the changes in SCC susceptibility
with irradiation temperature.

In order to improve the cracking behavior of alloys 316L
and 690, grain boundary engineering was used to enhance
the coincident site lattice boundary (CSLB) fractions. The
reference condition designated “as-received” or "AR"” was
hot rolled between 1,800 and 2,100°F (982 - 1,149°C)
and then annealed at a temperature between 1,900 and
2,000°F (1,038 — 1,093.3°C). Due to the presence of
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Figure 5. Influence of irradiation on the cracking susceptibility of alloy
316L and 690 in 400°C and 500°C SCW.

chromium carbides in the AR condition, it was necessary

to perform a short, 5 minute anneal at 1,100°C to dissolve
the carbides. The resulting structure had a CSLB fraction
of approximately 76 percent. Given this very high value of
CSLB fraction, the decision was made to reduce the CSLB
fraction. This was done by compressing the sample by

66 percent and then recrystallizing at 1,100°C for 2 hours
to homogenize the grain size. The specimen was then
compressed another 5 percent and annealed at 1,000°C for
7.5 minutes, reducing the CSLB fraction to between 32 and
37 percent. The sample with a reduced CSLB fraction will
provide an excellent means to test the effect of the CSLB
fraction on the cracking behavior of the alloys. The two
conditions selected for testing have CSLB fractions that are
about a factor of two different (35 vs. 76 percent). Side-
by-side images of these two conditions are shown in Figure
6. Note that the grain sizes of both conditions are very
similar.
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Figure 6. Comparison of the two conditions of alloy 690 showing large differences in the CSLB fraction. Image on the left has a CSLB fraction of 76%

while the image on the right has a CSLB fraction of 32%.

Planned Activities

In the corrosion studies, researchers will screen new
candidate materials, investigate water chemistry effects
and the effect of radiation on oxidation, and investigate the
long-term stability of oxides. They will examine continued
efforts to optimize corrosion performance through surface
modification and grain boundary engineering. Additionally,
researchers will investigate the efficacy of pressurized
tubes to study stress corrosion cracking.
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For the stress corrosion cracking studies, alloys 316L
and 690 will be irradiated at 500°C over a range of doses,
providing the opportunity to determine the dose and
temperature dependence of SCC of these alloys. Alloys
D9 and 800H will be irradiated to 7 dpa at 400°C and
500°C to provide complementary data on these alloys.
Also, researchers will complete CSLB optimization of alloys
690 and 316L and conduct SCC tests on unirradiated and
irradiated samples to assess the effectiveness of CSLB
enhancement in retarding IGSCC.
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Validation and Enhancement of Computational Fluid Dynamics and Heat
Transfer Predictive Capabilities for Generation IV Reactor Systems

PI: Robert E. Spall, Utah State University

Collaborators: Idaho National Laboratory (INL);
Fluent, Inc.

Project Number: 05-160
Project Start Date: April 2005

Project End Date: April 2008

Research Obijectives

There are two primary approaches for computational
fluid dynamics (CFD) modeling of reactor systems:
1) thermal/hydraulic analysis codes such as RELAP, which
model the entire plant using coarse nodes but cannot
predict small-scale flow details, and 2) traditional CFD
codes such as FLUENT, which are adept at detailed flow
and temperature predictions, but only over specific regions.
There are many unanswered questions regarding the
ability of traditional codes to accurately model and predict
complex flow patterns inherent in nuclear reactors,
particularly turbulence. Turbulence is modeled either
through direct numerical simulation (which is not practical
for engineering design), large eddy simulation (LES), or
Reynolds-averaged Navier-Stokes (RANS) equations.
Because no single model can handle all geometries,
research is needed to validate, modify, and improve CFD
predictive capabilities.

This project will validate and improve CFD predictive
methods for Generation IV nuclear reactor systems.
Researchers will assess the ability of large eddy simulation
and RANS closure models, which are available in the
FLUENT code, to predict flows for specific, fundamental
geometries inherent in advanced reactors. Based on the
results of the assessment, researchers will modify the
closure models to improve predictive capabilities and obtain
experimental data for relevant geometries to support code
validation.

Research Progress

RANS Solutions. Using the general purpose CFD
solver FLUENT, the team solved the steady-state, three-
dimensional RANS equations for the annulus/spacer
geometry. They applied boundary conditions representing
periodicity and symmetry conditions, where appropriate,

to reduce the model cell count. The fine grid discretized
model consisted of approximately 900,000 cells. Results
were computed using five different turbulence models:

1) standard k-epsilon, 2) realizable k-epsilon, 3) shear
stress transport (SST), 4) k-omega, and 5) v>— f. All
turbulence models were integrated to the wall using a
two-layer approach for the k-epsilon models. Comparisons
between experimental data and numerical results were
made at locations 32, 80, 200, and 320 mm downstream of
a grid spacer (periodic with spacing of 440 mm and length
of 40 mm).

Figure 1 shows the mean axial velocity profiles at
streamwise location 32 mm. These results indicate that
the k-epsilon and realizable k-epsilon models do a better
job of predicting the experimental data than the other
three models. In particular, the k-omega, SST, and v* - f
models each show a tendency to over predict velocities in
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Figure 1. Axial velocity results on ymax plane between cylinders.
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the narrow gap between the parallel cylinders and to over
predict the length of the wake behind the spacer.

LES Solutions. Researchers have completed results
for three Shehata/McEligot large eddy simulation runs and
evaluated the following fluent models:

e Smagorinsky-Lilly

e Dynamic Smagorinsky-Lilly

e Wall-Adapting Local Eddy-Viscosity (WALE)
e Dynamic Kinetic Energy Subgrid-Scale

The Smagorinsky-Lilly model compares least favorably
with other LES models and the experimental data. The
predicted temperatures of the LES models, as shown
on Figure 2, fall somewhat below the measured data,
indicating excessive heat transfer at the wall. The results
are an improvement over most two-equation turbulence
models, but are not as good as the v> — f model. Further,
the LES approach requires an order of magnitude more
computational time than the RANS solutions. The
Smagorinsky-Lilly model will not be used in other LES
calculations because of its predictive capabilities in the
Shehata/McEligot runs.

Experiments. Work on the cylinder array is complete
and a paper is currently under review with the Journal
of Fluids Engineering. Researchers determined that
turbulence is found in the flow at very small Reynolds
number (< 2,000), and that the boundary layer transitions
between 2,500 and 15,000. The team is currently
constructing two other experiments. The first is the
heated array of parallel jets. Considerable time and effort
has gone into the design that must produce well-mixed,

high- temperature air with low turbulence exiting into a
quiencesent, room temperature air seeded with oil droplets
for particle image velocimetry (PIV) measurements. The
second experiment is a rounded exit jet made of quartz for
use in the INL Matched Index of Refraction (MIR) facility.
The model is complete and will be installed in the MIR
facility in July 2007.

Planned Activities

RANS. 1In terms of RANS solutions, researchers plan
to complete results for the parallel jets case. In particular,
results for parallel heated and unheated jet configurations
will be obtained for several two-equation and second-
moment closure turbulence models. Researchers will
compare solutions with experimental results and make
recommendations on which models have the capability to
accurately predict these buoyancy-dominated flows.

LES. The cylinder array simulations have been
started. Solutions at two different Reynolds numbers will
be compared with the experimental results. In addition,
work has begun to improve the LES models in FLUENT.
Currently, the heat transfer model is based on a constant
turbulent Prandtl number. Researchers are implementing
a dynamic model in which the Prandtl nhumber is
dynamically computed from the filtered quantities, similar
to the approach for calculating tubulent viscosity in the
Smagorinksy model. They will then test if this approach
can improve the heat transfer prediction for the LES models
in FLUENT using constant and temperature-dependent
properties.

Experiments. Researchers will perform 3-D, time-
resolved PIV measurements of a strongly
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- heated array of jets. Initally, they will

take 2-D measurements in the streamwise

u plane. Once the nature of the flow is well
established, 3-D measurements will be made
in a cross stream plane. This will allow

the researchers to examine the interaction
between jets in real time.

., The researchers will begin measuring the
flow of a jet with a rounded and beveled exit
at the MIR facility. They anticipate that the
modified boundary condition will result in
reduced steadiness of the jet and that this
will be a strong function of Reynolds number
for the rounded exit. This facility will allow
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Figure 2. Wall temperature of four LES models, k-epsilon, and 0> — f RANS model.
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Ab-Initio-Based Modeling of Radiation Effects
in Multi-Component Alloys

PI: Dane Morgan, University of Wisconsin—
Madison

Collaborators: None

Project Number: 06-006
Project Start Date: March 2006

Project End Date: March 2009

Research Objectives fee Ni o
The objective of this project is to 0 4 . *
develop a highly accurate, thermokinetic -0.05 ..
model for austenitic stainless steels based e B g s
on fundamental quantum mechanical 42' ~0. 15 -
calculations. The model will incorporate % 0.2 )
the true temperature- and composition- B2 Ni,Cr (MoPt,)
dependence of the diffusion constants and g 03
provide missing information on interstitial w -0.35 .
motion. -0.4 c
In order to establish the critical dat 049 ' ‘ ' ' |
n order to establish the critical data 0.0 0.4 06 08 )
and computer programs to build the model, .
. . e Concentration Cr
researchers will pursue the following specific
objectives: Figure 1. Formation energies for different configurations of Ni-Cr on an fcc lattice.

e Perform initial ab-initio calculations of
atomic-scale properties in pure elements
and alloys

e Develop iron-chromium-nickel (Fe-Cr-Ni) radiation-
induced segregation (RIS) simulation and validation/
refinement based on semi-analytic expressions for
diffusion constants

e Develop Fe-Cr-Ni RIS simulation methods based on
Monte Carlo techniques

e Perform validation/refinement by comparing analytical
results to experiments

e Extend calculations and simulations to a preliminary
ferritic Fe-Cr model

Research Progress

Over the past fiscal year, researchers focused on two
aspects of the Ni-Cr binary alloy: 1) the thermodynamics
of Ni-Cr, of which the most important property is the phase
diagram, and 2) the kinetics of Ni and Cr hopping in a

Negative values demonstrate the strong ordering tendency. The convex hull with respect
to bce Cr shows that the correct MoPt, structure is predicted.

nickel-rich alloy environment. Following is a synopsis of
the progress made in each of these areas.

Thermodynamics. The first step to building a
thermodynamic model is to determine the energetics of
Ni-Cr alloys as a function of configuration. Researchers
calculated over 100 different configurations, starting each
with a ferromagnetic structure. Figure 1 shows that all
the structures have a negative formation energy with
respect to face-centered cubic (fcc) chromium, which
demonstrates that Ni-Cr is a strongly ordered system on
the fcc lattice. The chemical interactions between Ni and
Cr will create ordering-type short-range-order, even in the
high-temperature solid solution phase, giving a greater
than random chance for Ni and Cr to be neighbors. When
considering phase stability, the formation energies are more
properly referenced to body-centered cubic (bcc) chromium,
which is more stable than fcc Cr by about 0.4 eV.
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The figure also shows that when bcc Cr is 16 - =
used as the end-member structure, the convex = 1 miocatiog
hull predicts that the system will have one 18— 3 $EngEng
ordered fcc phase—the MoPt, structure. This 084 e . .
is very encouraging because experimental data > X3
also suggest that one fcc ordered phase with E 0.4 - >
composition Ni,Cr forms in the MoPt, structure. i -

These energies will form the basis of a cluster '

expansion, which researchers will use with -0.4 - .

Monte Carlo to predict the full thermodynamics
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Kinetics. The first step in building the SU——
kinetics model is to determine the activation

barriers to hopping as a function of local
hopping environment. Barriers are found by
comparing the energy of the hopping atom in
an activated state half-way through the hop to
the energy when the atom is on a lattice site. Researchers
have found a number of barriers for different local
environments and discovered very unexpected and complex
behavior, as shown in Figure 2. These first results for Ni
and Cr in a pure nickel environment (leftmost barriers)
show that a barrier for Cr hopping is about 0.25 eV lower
than for Ni, which suggests that major revisions to previous
RIS models are necessary.

content.

Researchers performed further calculations to explore
how increasing the Cr concentration around the hopping
atom can influence the barriers. The additional barriers
in Figure 2 are for Ni and Cr hopping in environments that
locally contain 2, 4, 8, and 16 Cr neighbors. As shown
in Table 1, the Cr neighbors occupy the nearest-neighbor
(NN) shells for the hopping atom activated state. The
barriers show a noticeable decrease, particularly for Cr.

In fact, the Cr activated state energy is actually negative
for the most chromium-rich local environment. This does
not indicate a negative hopping barrier, but that some
instability has occurred that makes the Cr in the activated
state more stable than on the usual fcc lattice.

Cr Neighbors NN Shell Occupied

2 Part of 1st

4 All of 1t

8 All of 1stand 2™
16 All of first three

Table 1. Nearest neighbor (NN) shells for hopping atom activated state.
Researchers believe that this dramatic change in

energetics is due to the instability of chromium in the fcc
structure. When the local environment is very Cr-rich, the
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Figure 2. Energies of activated states for Ni and Cr in a Ni host with increasingly
chromium-rich environment. Negative values due to an fcc lattice instability at high Cr

system effectively behaves like Cr and tries to form some
more stable structure than fcc. This effect occurs in pure
fcc Cr as well. While such Cr-rich local environments are
not expected experimentally, these studies demonstrate
that the local chemistry can have a major impact on the
hopping barriers. Researchers will use additional barrier
calculations to fit a cluster expansion, which they will apply
with analytic methods and Kinetic Monte Carlo (KMC) codes
to predict the full kinetics of the system.

Planned Activities

Over the next fiscal year, researchers will continue
this work with Ni-Cr to develop a semi-analytic model for
diffusion constants to use in RIS modeling. This will be
based on approximations of dilute solution in the Ni host
and/or non-interacting solid solution models. They will
then add in Fe and perform basic RIS simulations to refine
the model and suggest further calculations. They will also
begin to develop KMC codes and cluster expansions of the
on-lattice and hopping energetics.

Through the remainder of the project, they will obtain
full and accurate cluster expansions, complete the KMC
codes, and combine them to derive improved diffusion
constants. The temperature and composition-dependent
diffusion constants will be used to study RIS in the Fe-Cr-Ni
alloy.

Finally, researchers will further refine the models
through extensive comparison to RIS simulations, using the
results to explore the effects of RIS on voids through void
growth modeling. If time permits, they will extend their
approach to Fe-Cr ferritic model systems.
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Managing Model-Data Introduced Uncertainties in Simulator Predictions for
Generation IV Systems via Optimum Experimental Design

PI: Paul J. Turinsky, North Carolina State
University

Collaborators: Argonne National Laboratory
(ANL), Idaho National Laboratory (INL)

Project Number: 06-046
Project Start Date: March 2006

Project End Date: March 2009

Research Objectives

The objective of this project is to understand and
manage the uncertainties in modeling and simulation
software that are caused by uncertainties in the underlying
physical data in the software used to model and simulate
the nuclear core of a proposed Generation IV reactor. In
this project, researchers will optimize experiments by
determining and quantifying the uncertainties of key
design attributes and using INL's Zero Power Physics
Reactor (ZPPR) facility as a test basis to reduce model
data uncertainties. The team will then complete a pseudo-
ZPPR experiment for the optimum design via simulation to
determine observable values and use these values to obtain
adapted nuclear data.

The goal of this project is to produce the following
methodologies and results, each of which has merit as a
stand-alone method or can be used collectively to optimize
experimental design:

1) A methodology to determine covariance matrices for
responses of a complex engineering system and an
experimental system

2) A methodology to interpret experimental system results
via adaptive simulation

3) A methodology to optimize the experimental
configuration most economically appropriate for
reducing the uncertainties of the complex engineering
system

4) A covariance matrix originating from nuclear data
uncertainties for the key design attributes of a
Generation IV nuclear core

5) Optimum experimental system properties for a ZPPR
experimental facility which are most appropriate for
reducing the uncertainties of the key design attributes
of a Generation IV nuclear core

Research Progress

During this reporting period, the researchers obtained
the fast reactor system analysis codes MC2 and REBUS/
DIF3D. They tentatively selected ANL's Advanced
Burner Test Reactor (ABTR) core for analysis and have
reestablished the ANL models for both the REBUS/DIF3D
and MCNP codes. Researchers studied ANL core simulation
software and sodium-cooled fast reactor design, obtaining
additional insight into key design limiting responses by
reviewing General Electric’s S-PRISM documentation and a
preliminary ABTR design report. They also reviewed past
experimental data from the ZPPR facility to adjust cross
section values.

Work has progressed on efficiently generating the
homogenized few-group cross section covariance matrix
from ENDF/B data, and to utilize these results to constrain
adaptive simulation through few-group cross section
adjustments. A side project addressed the design of an
ABTR to minimize the power rating of the core, which will
reduce ABTR total cost.

Planned Activities

Researchers will continue investigating the free design
parameters and instrumentation options for a ZPPR core
and will establish a neutronic model that will provide
evaluation capabilities. They will also develop cost models
for Generation IV core margin and ZPPR experiments,
which will require the cooperation of the participating
national laboratories and industry. The team will also
develop the capability to evaluate the sensitivity coefficients
and covariance matrix of the key design limiting responses
of the Generation 1V core.
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Uncertainty Quantification in the Reliability and Risk Assessment of
Generation IV Reactors

PI: Karen Vierow, Texas A&M University (TAMU)

Collaborators: The Ohio State University

Project Number: 06-057
Project Start Date: March 2006

Project End Date: March 2009

Research Objectives

The goal of this project is to develop practical
approaches and tools for dynamic reliability and risk
assessment techniques, which can be used to augment
the uncertainty quantification process in probabilistic risk
assessment (PRA) methods for Generation 1V reactors.

The objectives of the project are 1) to develop practical
approaches and computationally efficient software to test
event tree completeness for Generation IV reactors,

2) integrate a reactor safety code with PRA, and 3) assess
and propagate plant state uncertainties in the PRA analysis.

This project involves generating a practical dynamic
event tree tool and assessing and quantifying uncertainty
propagation. In Phase 1, current software for Dynamic
Event Tree generation will be modified and linked to a
best-estimate computer code (MELCOR for demonstration
purposes). Key modeling uncertainties will be identified
via the Phenomena Identification and Ranking Table (PIRT)
technique. The integrated software package will be tested
on selected, high-risk initiating events. In Phase 2, the
computational efficiency will be improved by coupling the
Dynamic Event Tree generation software with sampling
software developed by Sandia National Laboratories.
Finally, the new software will be tested for selected
initiating events.

Research Progress

A computational infrastructure has been developed
outside this NERI project that supports the generation
of multiple dynamic event trees (DETs) on a distributed
computing architecture composed of a heterogeneous
collection of computational and storage nodes. The DET
generation is managed by a Driver that 1) determines when
branching is to occur, 2) initiates multiple restarts of system

code analyses, 3) determines the probabilities of scenarios,
4) determines when a scenario can be terminated, and

5) combines similar scenarios to reduce the scope of the
analysis.

A plant simulator (the MELCOR code for demonstration
purposes) is used to follow the transient along each
branch. Branches are pruned based on user-specified
criteria to prevent numerical errors. Following are some
significant features of the computational scheme:

e The scheme is designed for a distributed computing
environment. The scheduler can track multiple
branches simultaneously.

e The scheduler is modularized so that the branching
strategy can be modified.

e Adistributed database system manages data from the
simulation tasks running on different computational
nodes and stores the Accident Progression Event Tree
(APET) structure. The database management system
also allows any simulator output variable to be plotted
during the run and enables construction of the APET
during or after the runs.

Figure 1 provides a schematic overview of the
infrastructure. Following an initiating event (or at any user-
specified starting point during an accident progression),
the Distributed Database Management System provides
initiating conditions as well as the duration of the
simulation (time parameters) to the Plant Simulator (SIM).
The Driver runs the simulator until a stopping condition
is reached. The Scheduler decides whether to branch or
not depending on the information received from: 1) the
Plant Simulator on setpoint crossing or equipment demand
in general and 2) the Probability Module on the branch
probability.
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Figure 1. A schematic overview of the computational infrastructure.

The PRA Database contains data to quantify the
likelihood that branches will be generated upon meeting
certain branching criteria (e.g., crossing set points).

The database can consist of minimum cut sets for the

Top Events relevant to the branch in the form of binary
decision diagrams for fast pre-processing or simply

contain probabilities based on operational failure data.

The branching probabilities (possibly obtained through
preprocessing) are passed on to the Probability Module. If
branching is initiated, the Scheduler then spawns a process
to follow the branch. If the Scheduler receives other
demands on equipment from the Plant Simulator while
this process is running and decides on branching using the
criteria above, then it can spawn as many processes as
needed to follow the subsequent branches. The resulting
tree structure, branch probabilities, and simulation results
are sent to the Distributed Database Management System
for possible post-processing and/or load distribution in a
distributed computing environment.

The interface to the plant simulator (e.g., MELCOR) is
abstracted to allow the use of different plant simulators
with different computational models. The plant simulator
needs to interface with the run-time system both 1) during
execution for task branching and migration and 2) before
and after execution to load and store its state and results.

The Driver communicates with the Distributed Database
Management System to retrieve and store the necessary
input and output files. That is, the Driver stages the
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may present some of the

most significant uncertainties
with respect to fuel modeling, although the PIRT process is
in the beginning stages.

A MELCOR input deck for a Pebble Bed Modular Reactor
was developed outside of this NERI project. Additional
uncertainties were identified during the deck development
process but they were not quantified. These uncertainties
are being further considered, including heat transfer
coefficients in pebble beds, fuel properties, and boundary
conditions.

Planned Activities

Install the computational infrastructure on TAMU
clusters

Develop a graphical user interface (GUI) for on-line
management of DET generation

Complete determination of key modeling uncertainties

Model key uncertainties for a representative Generation
IV plant through best estimate code input

Link computational infrastructure and input deck

Test the software integration to consist of validation
and verification exercises

Prepare documentation for the user’s manual

Quantify modeling uncertainties for a reference
Generation IV reactor

Discuss software coupling with best estimate codes
other than the demonstration code
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NUCLEAR ENERGY-RESEARCH INITIATIVE

An Advanced Neutronic Analysis Toolkit with In-line Monte Carlo
Capability for VHTR Analysis

PI: William R. Martin, University of Michigan

Collaborators: Studsvik of America, Idaho
National Laboratory, Los Alamos National
Laboratory, General Atomics, Oak Ridge National
Laboratory, and TransWare Enterprises, Inc.

Project Number: 06-068
Project Start Date: March 2006

Project End Date: March 2009

Research Objectives

The goal of this project is to develop a lattice physics
code for very high-temperature reactor (VHTR) neutronic
design and analysis. This approach takes advantage of
the highly developed capabilities available for light water
reactor (LWR) neutronic analysis, in which lattice physics
codes generate effective cross sections at the assembly
level. Researchers can use these cross sections in nodal
codes to efficiently calculate global flux/power distributions
and effective multiplication (k) as a function of fuel
depletion and temperature.

This project will establish “proof of principle” by
incorporating the nodal Monte Carlo capabilities of the
MCNPS5 code directly into the lattice code, CPM-3. The
team will accomplish code linkage through an interface that
also enables extension to other cross-section generation
codes. This will be demonstrated by linking MCNP5
to CASMO-4. The final package will incorporate the
substantial downstream capabilities of CASMO-SIMULATE,
such as cross-section generation for global nodal analysis
and depletion, systematic preparation of cross-section sets
for accident analysis, and efficient fuel cycle analyses and
assessment of alternative fuel management schemes. The
final result will be a validated neutronics methodology
for VHTR design and analysis, including cross-section
generation, global reactor analysis, depletion, and fuel
management.

The primary objectives are listed below:

e Develop an application program interface (API) to
couple a collision probability code (CPM-3) and MCNP5
for analyzing VHTR configurations

o Demonstrate "proof of principle" of the coupled CPM-
3/MCNP5 methodology by implementing and testing on
a suite of selected benchmark problems

e Apply the coupled CPM-3/MCNP5 methodology to a
Deep Burn configuration and assess its capability to
treat low-lying resonances of plutonium isotopes;
adapt the methodology as needed to handle these
important resonances

o Demonstrate the capability of using the API with a
production lattice physics code by coupling MCNP5 and
CASMO-4 and evaluating with the test suite

e Verify and validate the coupled CPM-3/MCNP5
methodology for simple VHTR configurations, critical
experiments, and startup/operational data from Fort St.
Vrain and Peach Bottom

e Assess the applicability of the coupled methodology to
analyze pebble bed configurations

Research Progress

The research team has made progress toward meeting
all three of their first-year objectives:

e Design the API
¢ Modify CPM-3 to accommodate the API

e Determine the validation test suite for the modified
version of CPM-3

Following is an overview of their specific
accomplishments.

Application Program Interface. Researchers
have designed a basic architecture for coupling a CPM-
3 and MCNP5 using a master process to organize the
communications. An input file, including metadata
intended for non-CPM-3 parts of the system, will be read
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Figure 1. Application program interface.

by a parser module that creates the data structures needed
to write CPM-3 input and an MCNP5 input deck that models
the same cell geometry. Although specific to CPM-3, the
parser can be replaced ones for other collision probability
codes. Figure 1 is a schematic of the basic architecture for
coupling CPM-3 and MCNP5.

The modified CPM-3 code will contain a module to
compute the resonance integrals and other group data,
calling back to the master process through an interprocess
communications channel. The modification to the collision
probability code is limited to the routine needed to compute
the resonance integrals at each burnup step. This involves
a lightweight interprocess communications protocol that
transmits nuclide-by-nuclide composition change data back
to the master process and receives the MCNP5 computed
resonance integrals in response.

The master process receives the data at each burnup
step and generates MCNP5 input needed to perform
accurate cell calculations. The master can start several
MCNP5 processes in a parallel environment to perform
this calculation and read an MCTAL file to collect the data
needed to compute the resonance integrals. These data
are then transmitted to the waiting CPM-3 process for the
next burnup step.

Modification of CPM-3. Researchers have examined
the CPM-3 code and manuals, as well as the documentation
for NJOY, to decide the most promising approach for
integrating with MCNP5 to analyze VHTR configurations.
The following coupling approach will be taken:
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microspheres. MCNP5 will
also tally the fine group flux
¢g for group g.

e The microscopic absorption cross section for resonance
group g and resonance isotope i is then computed
using the MCNP5 results:

6, =it

ig q)
g

These microscopic cross sections will account for
TRISO fuel self-shielding and may be used directly for the
remainder of the CPM-3 calculation during the current
depletion step.

Verification and Validation. General Atomics will
provide data regarding their modular helium reactor (MHR)
design and the Fort St. Vrain plant, including predicted
results and few-group cross sections. This data will be
compared with coupled MCNP5/CPM-3 results.

Researchers are developing several VHTR benchmark
cases, including full-core geometries with homogeneous
and heterogeneous fuel blocks. This will test the
methodology for handling the double heterogeneity of
TRISO fuel.

Researchers have almost completed benchmarking
MCNPS5 for Windows and Mac G5 platforms. The latter may
be needed for full-core depletion runs with MCNP5, at least
the benchmark calculations for comparison to the coupled
methodology being developed by this project.



Planned Activities

Researchers plan to accomplish the following activities

in the next period:

1)

2)

3)

Before developing the API, simulate its functions by
hand, modifying CPM-3 to read resonance integral data
from an external source for a single burnup step and
run MCNP5 by hand to compute the needed resonance
integral data. Since CPM-3 is an LWR code, the first
benchmark attempt will use a LWR lattice, including pin
cell and assembly configurations, comprising a “sanity
check” for the approach.

Test the hexagonal geometry option in CPM-3 with a
simple homogeneous hexagonal fuel block geometry
and compare the results to MCNPS5.

Repeat the “hand approach” for a hexagonal
configuration, using both homogeneous fuel and
heterogeneous fuel, and compare the results to
MCNPS5.

4)

5)

6)

7)

8)
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Initiate development of the API following the “hand
approach” effort.

Compare coupled methodology using the API to the
results of the “hand approach.”

Initiate discussions with Studsvik-Scandpower
regarding use of CASMO-4 as the lattice physics code.

Set up validation test problems with General Atomics’
assistance and perform MCNP5 benchmark calculations
of these problems.

Set up and run VHTR benchmark cases with MCNP5
and the coupled methodology.
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Improving Corrosion Behavior in SCWR, LFR, and VHTR Reactor Materials
by Formation of a Stable Oxide

PI: Arthur T. Motta, Pennsylvania State University

Collaborators: Westinghouse Electric Company,
Los Alamos National Laboratory, University of
Wisconsin, University of Michigan

Project Number: 06-100
Project Start Date: March 2006

Project End Date: March 2009

Research Objectives

The objective of this project is to establish a technical
basis for corrosion protection of candidate materials for
three different types of reactors: 1) the supercritical
water reactor (SCWR), 2) the lead-fast reactor (LFR),
and 3) the very high-temperature reactor (VHTR).
Researchers will study ferritic-martensitic steels, austenitic
alloys, and nickel-based alloys. In order to understand
the mechanisms for corrosion behavior in these materials,
they will conduct a systematic study on the nature of
protective films formed during corrosion tests in simulated
reactor environments.

The overall objective is to understand why certain alloys
exhibit better corrosion behavior than others by examining
the oxide microstructure. Alloys that resist corrosion
develop a protective oxide layer that limits the access of
corrosive species to the underlying metal, leading to stable
oxide growth. The differences between a protective and a
non-protective oxide are determined by the alloy chemistry
and microstructure. Very small changes in microstructure
can significantly affect corrosion rate.

Researchers will use two techniques to study the oxide
microstructure: 1) microbeam synchrotron radiation (X-ray)
diffraction and fluorescence, and 2) cross-sectional transmission
electron microcopy (TEM) on samples prepared with a focused
ion beam. X-ray diffraction and fluorescence examination,
using the synchrotron X-ray beam, can resolve the crystal
structure, texture, and composition of oxide layers at the
sub-micron level. By complementing this examination with
transmission electron microscopy, researchers will precisely
determine the structure of these layers and their impact on
the corrosion behavior of the alloys.

Research Progress

During the first year, researchers examined oxide layer
samples using various techniques, including microbeam
synchrotron radiation diffraction and fluorescence from
the Advanced Photon Source (APS) at Argonne National
Laboratory. Figures 1-3 show preliminary examples
of the results of these measurements. Figure 1is a
metallographic cross section of an oxide formed on 9Cr
oxide dispersion strengthened steel (ODS) during exposure
to supercritical water, showing four distinct layers. Figure
2 shows the X-ray fluorescence intensities obtained by
rastering a micro X-ray beam (0.2 micron) from the metal
to the outer surface of the oxide. It is clear that the
diffusion layer in the metal is depleted in chromium (Cr),
the inner layer is Cr-enriched, and the outer layer is almost
pure iron (Fe).

Inner Layer [ Scans 35-60

Outer Layer Scans 60-100

Scans 100-116

Epoxy

Figure 1. Metallographic cross section of oxide formed on 9 Cr ODS steel
when exposed to supercritical water, showing four distinct layers.
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9CroODS
Outer

These oxide peaks can be indexed
as the spinel (FeCr,0,) phase in the

Layer
Diffusion Inner Layer 1

Counts

inner layer, and as magnetite (Fe,0,)
in the outer layer. These results
agree with previous examinations of
similar oxide layers.

Planned Activities

For the next year, researchers
will continue to analyze the oxide
layers using both microbeam
synchrotron radiation diffraction
and fluorescence and transmission
electron microscopy. They are
preparing cross-sectional TEM

Scan Number

samples using focused ion beam
to examine microstructure details
in these oxide layers. Further

Figure 2. Iron and chromium K_ fluorescence intensity versus position in the oxide (for the layers
shown in Figure 1) obtained using microbeam synchrotron radiation and fluorescence at APS.

While conducting the fluorescence measurements,
researchers simultaneously obtained diffraction patterns for
each location. Figure 3 shows a few of the 200+ diffraction
patterns obtained for this oxide layer sample—different
colors represent each of the four layers. The indexing of
the peaks reveals that only body-centered cubic (bcc) Fe
peaks are visible in the metal layer and in the diffusion
layer. Some oxide intensity starts to appear towards the
end of the diffusion layer, nearer the inner oxide interface.

examinations will be performed using
microbeam synchrotron radiation
diffraction and fluorescence. Using
these techniques, they will determine the phases present,
chemical composition, grain sizes, etc., in the oxide layers
formed on various alloys in the three environments being
considered (i.e., supercritical water, lead-bismuth, and the
very high-temperature reactor). They will analyze these
results and correlate them to the corrosion behavior to
understand the mechanisms for protecting and forming
stable oxide growth.
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Figure 3. Diffraction intensity versus two-theta angle for oxide layer formed on 9 Cr ODS steel
exposed to supercritical water. The scans are: black-base metal; green—diffusion layer in the metal;
red—spinel rich oxide inner layer; and blue—outer oxide layer. The diffraction peaks are indexed as

shown.
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Multi-Scale Modeling of the Deformation of Advanced Ferritic Steels
for Generation IV Nuclear Energy

PI: Nasr M. Ghoniem, University of California,
Los Angeles (UCLA)

Collaborators: California State University,
Northridge (CSUN)

Project Number: 06-109
Project Start Date: March 2006

Project End Date: March 2009

Research Obijectives

The objective of this project is to use the multi-
scale modeling of materials (MMM) approach to develop
an improved understanding of the effects of neutron
irradiation on the mechanical properties of high-
temperature materials at elevated temperatures of 650-
700°C, compared to the current 550°C limit. To date, there
are no physically based models for high-temperature, in-
reactor deformation of advanced ferritic/martensitic steels.
The objective of this project is to develop such a model.

Empirical potentials are not well developed for alloys
and cannot easily adapt to local changes in chemistry
caused by impurities. In this project, researchers
developed a hybrid ab-initio continuum model to describe
the core of dislocations in iron. The model allows
researchers to study the dislocation of core structures in
steels, without ad hoc assumptions of interatomic forces.
This model will be applied to determine the core structure
of screw dislocations in iron (Fe) and the interaction
between dislocations and oxide and carbide precipitates,
which control the ductility and high-temperature strength
of steels. Dislocation Dynamics models simulate the
mechanical properties of radiation-damaged steels as a
function of the neutron dose.

Researchers will also develop single dislocation
interaction with nano-voids, precipitates, and self-interstitial
atom (SIA) clusters during irradiation. This information will
be used in a comprehensive rate theory model of radiation
damage and in-reactor deformation. Predictions will be
made for in-reactor deformation, with full microstructure
information linked with the deformation field.

Research Progress

Ab-Initio Modeling. At low temperatures, plasticity in
body centered cubic (bcc) Fe is governed by low mobility
screw dislocations with Burgers vector b= 1/2a<111>.

It is generally believed that the core structure of these
dislocations in bcc metals is a controlling factor of their
mobility. For the non-magnetic bcc tantalum (Ta),
theoretical studies have led to two types of core structures:
asymmetric core and symmetric core. To date, the
dislocation core structure of bcc Fe has not been studied,
except by using empirical interatomic potentials which
cannot accurately capture the additional complication
arising from the presence of magnetism. Furthermore,
the interaction between dislocations and solute atoms is
of great interest since it determines one of the important
strengthening mechanisms in ferritic steel alloys, the so-
called “solid solution hardening” (SHH).

Researchers are carrying out a comprehensive
investigation of the 1) dislocation core structure in Fe and
2) the effect of impurities on the dislocation core properties
using a hybrid approach based on the Peierls-Nabarro
model for non-planar core, which couples continuum
linear elasticity and first principles electronic structure
calculations. As a first step, the dislocation core of a screw
dislocation can be described by the displacement of the
atomic rows along the dislocation line. The interatomic row
potential is assumed to be a function only of the relative
atomic positions, u, and composed of the first and second
terms in the Fourier expansion:

__ 9 2mu ) dru) 1,
<I>(u)—(1_4a)[cos( - J acos( . )+2(1 05)] (1)

where b is the Burgers vector, and the parameter @, is
determined by the magnitude of the potential at u=0 and
0=0. The parameter o describes the deviation of ®(u) from
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a sinusoidal form. The average variation under the atomic
row shift along <111>, AE_ = 3[®(u - 1/3) + &(u + 1/3)],
may be calculated using high-accuracy, first-principles, electronic
structure methods.

Researchers have carried out total-energy calculations
using the VASP code with the generalized gradient
approximation (GGA) for the exchange-correlation
potential. The atomic row displacement energies were
calculated for a shift of a single atomic row along the
<111> direction using super-cells consisting of 5 layers and
8 atoms with vectors a, = (2, -2v2, 0)a, a, = (1,v/2,0)a,
and a, = (0, 0, 4+/2)a, where a is the lattice constant.

Figure 1 shows that the energy changes for
displacement of a single atomic row along <111> were
calculated for molybdenum (Mo) and Fe. Interestingly, the
atomic row energy decreases from Mo to Fe and changes
the curve toward sinusoidal. Both of these effects can
result in a significant reduction of the Peierls stress itself
and even in a transformation from isotropic to anisotropic
(degenerate) core structures.
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Figure 1. The atomic row energies for a shift of the atomic row along the
<111> versus displacement in units of the Burgers vector 2<111> for
Mo and Al.

Dislocation Dynamics Modeling. This part of
the research investigates fundamental aspects of the
dynamics of dislocation interaction with radiation-induced
defect clusters, specifically with both glissile and sessile
SIA clusters in defect clouds formed along grown-in
dislocations. Researchers developed kinetic Monte Carlo
(KMC) simulations that describe the formation of SIA
cluster clouds during neutron irradiation in bcc Fe and their
evolution kinetics. The main thrust of these simulations is
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to determine the size and space distribution of SIA clusters
in the cloud region at a variety of displacement damage
doses, taking both edge and screw dislocations into
account. These results will be used as input to Parametric
Dislocation Dynamics (PDD) simulations to determine

the mechanisms and the critical stresses of dislocation
unlocking from defect atmospheres.

The motion and interaction of SIA clusters can lead
to the formation of rafts of small dislocation loops
and decoration of dislocations. The multiplication and
movement of these free dislocations and the resulting
dislocation-dislocation interactions lead to work hardening
as plastic deformation continues. Researchers first
considered the models that involve the interaction between
an edge dislocation and a number of SIA clusters. A
computational cell of 300a x 300a x 300a (a = 0.2867 nm,
the lattice constant of iron) was used with periodic boundary
conditions. An edge dislocation with b = a/2[-111] lying on
a (101) plane was inserted in the simulation box.

Researchers also performed KMC simulations for
microstructure evolution in pure iron irradiated at 300K
to displacement dose in the range of 2x10*- 2x103
dpa. A fixed initial number of SIA clusters with a size
distribution obtained from molecular dynamics (MD)
simulations and corresponding to damage dose levels of
2x10%, 4x10%, 0.001, and 0.01 dpa, respectively, were
introduced randomly into the simulation cell. Figure 2
shows a comparison between the experimentally measured
yield stress and the equivalent uniaxial tensile stress,
computed from the present simulations. Researchers
obtained general agreement between their simulations and
experimental results.
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Figure 2. Equivalent uniaxial tension stresses calculated from the results
of the PDD simulations and yield stresses obtained by experiments by
Eldrup et al.



Constitutive & Crystal Plasticity Modeling. This
task will develop an understanding of the mechanical
behavior and dislocation microstructure evolution of single
and polycrystals, and delineate between the physical and
mechanical origins of spatially localized plastic deformation.
Traditional approaches to the study of plastic instabilities
have either been based on kinematics considerations, such
as finite strain effects and geometric softening, or physics-
based concepts. In this study, researchers are developing
a framework that combines both approaches.

A rate-independent crystal plasticity model was
developed to incorporate micromechanics, crystallinity,
and microstructure into a continuum description of finite
strain plasticity. A comprehensive dislocation density
model based on rate theory was employed to determine
the strain hardening behavior within each plastic slip
system for the face centered cubic (fcc) crystal structure.
Finite strain effects and the kinematics of crystal plasticity
are coupled with the dislocation-density-based model via
the hardening matrix in crystal plasticity. ABAQUS/CAE
is employed as a finite element method (FEM) solver,
and several user subroutines were developed to model
fcc crystals with 2 and 12 slip systems. The developed
material models were applied to study single and
polycrystal deformation behavior of copper. Interfaces
between the ABAQUS user’s subroutine Umat and the
ABAQUS main code were developed to allow further
extension of the current method. Simulations carried
out for polycrystals clearly illustrate the heterogeneous
nature of plastic strain and the corresponding spatial
heterogeneity of the mobile dislocation density. The origins
of the spatial heterogeneities are essentially geometric,
as a result of constraints on grain rotation (finite strain
effects), geometric softening due to plastic unloading
of neighboring crystals. The physical origins of plastic
instabilities manifest themselves in the coupling between
the dislocation densities and the localized kinematically
induced softening.
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Planned Activities

Following is a summary of activities planned for the next
fiscal year.

1) Ab-Initio Modeling

e Determine the core structure and Peierls Stress for
pure Fe

e Determine the effect of impurities on the core
structure

e Construct the two-dimensional Peierls potential
2) Dislocation Dynamics Modeling

e Determine the dynamics of moving dislocations and
static SIA cluster atmospheres in bcc iron

e Determine the dynamics of moving dislocations and
mobile SIA cluster atmospheres in bcc iron

Conduct DD simulations of the collective motion of
large numbers (over several thousand) SIA clusters
and move dislocations to investigate SIA cluster
patterns in irradiated iron

e Determine the effective velocity of dislocations as
they interact with SIA cluster clouds

3) Constitutive & Crystal Plasticity Modeling

e Further develop a rate theory model for dislocation
populations in irradiated Fe

¢ Include spatial gradient effects in the rate theory
model of dislocation populations

e Develop a crystal plasticity framework that includes
dislocation populations in the FEM solutions

e Apply the crystal plasticity model to single and bi-
crystals
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NUCLEAR ENERGY-RESEARCH INITIATIVE

An Advanced Integrated Diffusion/Transport Method for the Design,
Analysis, and Optimization of Very High-Temperature Reactors

PI: Farzad Rahnema, Georgia Institute of
Technology

Collaborators: Idaho National Laboratory

Project Number: 07-003

Program Area: Generation IV

Project Description

The main objective of this research is to develop an
integrated diffusion/transport method to substantially
improve the accuracy of nodal diffusion methods for the
design and analysis of very high-temperature reactors
(VHTR). Because of the presence of control rods in the
reflection regions in the Pebble Bed Reactor (PBR-VHTR),
traditional nodal diffusion methods will not accurately
model these regions, within which diffusion theory breaks
down in the vicinity of high neutron absorption and steep
flux gradients. The proposed IDT method will use a local
transport solver based on a new incident flux response
expansion method in the controlled nodes. Diffusion
theory will be used in the rest of the core. This approach
will improve the accuracy of the core solution by generating
transport solutions of controlled nodes while maintaining
computational efficiency by using diffusion solutions in
nodes where such a treatment is sufficient. The transport
method will initially be developed and coupled to the

reformulated 3-D nodal diffusion model in the PEBBED code

for PBR core design and fuel cycle analysis.

This method will also be extended to the prismatic
VHTR. It is expected that the new method will accurately
capture transport effects in highly heterogeneous regions
with steep flux gradients. The calculations of these
nodes with transport theory will avoid errors associated
with spatial homogenization commonly used in diffusion
methods in reactor core simulators.

Work Scope

This project will accomplish the following primary
objectives:

e Develop a 2-D cylindrical integrated diffusion/transport
(IDT) method

e Extend the IDT method to whole core calculations in 3-D
cylindrical geometry for the pebble bed design option of
the VHTR

e Develop a new 2-D response function transport method
for coupling to the reformulated diffusion method in
hexagonal geometry for the prismatic design option of
the VHTR

e Develop 2-D/3-D VHTR benchmark problems
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Implications of Graphite Radiation Damage on the Neutronic, Operational,
and Safety Aspects of Very High-Temperature Reactors

PI: Ayman I. Hawari, North Carolina State
University

Collaborators: Idaho National Laboratory, Oak
Ridge National Laboratory

Project Number: 07-011

Program Area: Generation IV

Project Description

This project entails experimental and computational
investigations to study the radiation effects of graphite
in very high-temperature reactors (VHTR). Researchers
will use molecular dynamic and ab-initio molecular static
calculations to 1) simulate radiation damage in graphite
under various irradiation and temperature conditions, 2)
generate the thermal neutron scattering cross sections
for damaged graphite, and 3) examine the resulting
microstructure to identify damage formations that may
produce the Wigner effect.

In both the prismatic and pebble bed VHTR designs,
the graphite moderator is expected to reach exposure
levels of 10 to 10?2 n/cm? over the lifetime of the reactor,
resulting in damage to the graphite structure. However,
studies of irradiated graphite show changes in the thermal
conductivity and heat capacity at fluences less than 10%
n/cm?. These properties depend on the behavior of atomic
vibrations (phonons) in the graphite solid. Therefore, it
can be expected that any alterations in phonon behavior
that would produce changes in these properties would
impact thermal neutron scattering, with implications for
the neutronic and safety behavior of the VHTR. Another
important phenomenon pertains to published data showing
that a high-temperature (>1,200°C) Wigner-like effect
may exist in graphite. If confirmed, this effect would have
direct implications on the safety behavior of VHTRSs.

Work Scope

The primary objectives will be accomplished through the
following tasks:

e Simulate atomic collision cascades in graphite using a
realistic VHTR neutron spectrum

e Study damage cascades using the calculated PKA
spectrum and molecular dynamics and kinetic Monte-
Carlo simulations

e Calculate dispersion relations and obtain vibrational
(phonon) frequency distributions

e Calculate thermal neutron scattering cross sections of
imperfect graphite

e Determine the stored energy of irradiated graphite
samples using differential annealing measurements and
compare to simulated values

e Assess phonon density of states

e Perform structure studies, comparing irradiated and
unirradiated graphite samples

e Use analysis codes to assess the neutronic, operational,
and safety aspects of the VHTR
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NUCLEAR ENERGY-RESEARCH INITIATIVE

Advancing the Fundamental Understanding and Scale-up of TRISO Fuel
Coaters via Advanced Measurement and Computational Techniques

PI: Muthanna Al-Dahhan, Washington University

Collaborators: None

Project Number: 07-017

Program Area: Generation IV

Project Description

Defect-free tri-isotropic (TRISO) fuel particle coating
is critical for the future use of nuclear energy produced
by advanced gas reactors (AGRs). The quality of
coating applied to the fuel kernels is impacted by
the hydrodynamics, solids flow field, and flow regime
characteristics of the spouted bed coaters, which are
influenced by design parameters and operating variables.
This work is to advance the fundamental understanding
of the hydrodynamics of TRISO fuel particle spouted bed
coaters by investigating the effect of design and operating
variables, evaluating the reported dimensionless groups
as scaling factors, and establishing a reliable scale-up
methodology that accounts for the effects of particle-
particle interactions and thermal expansion of the gas
phase. Researchers will also develop a non-invasive
measurement technique based on gamma ray densitometry
that can be used for coater process monitoring to ensure
proper performance and operation and to facilitate the
developed scale-up methodology.

To achieve the objectives, researchers will measure
critical parameters of the spouted bed using gamma
ray computed tomography and computer automated
radioactive particle tracking, as well as gas dynamic
measurement techniques, optical probes, and pressure
transducers. These measurements will be used as
benchmark data to evaluate and validate the computational
fluid dynamic (CFD) models two-fluid and discrete particle
models and their closures. The validated CFD models and
closures will be used to develop a methodology for scale-
up, design, and hydrodynamic similarity and to further
optimize the process performance of TRISO coaters under
different conditions.

Work Scope
This project will perform the following primary tasks:

e Develop on-line and non-invasive techniques for
process monitoring and measurement

e Conduct Gamma Ray Computed Tomography
(CT), pressure drop fluctuation, and optical probe
measurements and investigation

e Perform Computer Automated Radioactive Particle
Tracking (CARPT) measurements

e Perform gas dynamic measurements and investigations
e Conduct computational fluid dynamics (CFD) studies
e Simulate real TRISO fuel particle coaters usi